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General Abstract 
In this thesis, the performances of magnetic nanoparticles based materials were assessed for the 
removal or reduction of heavy metals in aqueous solutions. The successful synthesis of a novel 
adsorbent, azomethine functionalized magnetic nanoparticles (MNP-Maph) by covalent bonding 
between the amine group (-NH2) of amine functionalized magnetic nanoparticles (MNP-NH2) 
and carboxylic group (-COOH) of 4-{[(E)-phenylmethylidene]amino}benzoic acid (Maph-
COOH) was achieved. This adsorbent was examined for the removal of di and trivalent ions 
(Cu
2+
, Zn
2+
, As
3+
, Pb
2+
 and Hg
2+
) from aqueous solutions. Also, magnetic photocatalyst with 
silica interlayer (NiFe2O4-SiO2-TiO2) was synthesized and employed for the reduction of Cr(VI) 
in aqueous solution. The photocatalytic reduction efficiency of this material was compared with 
that of magnetic titanium dioxide (NiFe2O4-TiO2) photocatalyst and titanium dioxide (TiO2) to 
ascertain the material with the best photocatalytic efficiency and ease of separation. All 
synthesized materials were characterized by using XRD, FT-IR, TEM, SEM, TGA and VSM 
before application. 
For the adsorption processes, the effects of pH, contact time, adsorbent dose and temperature 
were examined to ascertain the experimental condition necessary for the optimal removal of 
metal ions from solution. The data obtained from all experiments were fitted into four kinetic 
models; pseudo-first order, pseudo-second order, elovich and intra particle diffusion models to 
determine the mechanism involved in the adsorption of these di and trivalent ions while two 
isotherm models were employed in the adorption processes; these include: Langmuir and 
Freudlich models.  
xxxviii 
 
Also, for the photocatalytic experiment, the effects of pH, contact time and photocatalyst dose 
were investigated to determine the experimental conditions necessary for the optimal reduction 
of Cr(VI) in aqueous solution. 
MNP-Maph showed excellent removal capacities of 34.08, 35.83, 50.08, 58.24 and 59.24 mg g
-1 
for Cu
2+
, Zn
2+
, As
3+
, Pb
2+
 and Hg
2+
 respectively compared to data previously reported in 
literature. This is as a result of the high affinity of azomethine group towards metal ions which 
tremendously enhanced removal of metal ions by adsorption. The incorporation of azomethine to 
magnetic nanoparticles improved the affinity towards metal ions removal forming strong 
electrostatic interaction between the adsorbent active sites and adsorbates. Also, the utilization of 
NiFe2O4-SiO2-TiO4, NiFe2O4-TiO2 and TiO2 for the reduction of Cr(VI) in aqueous solution 
showed a good photocatalytic performance with NiFe2O4-SiO2-TiO2 showing to be better in 
terms of both photocatalytic reduction and magnetic separation. TiO2 was observed to have 
96.7% reduction efficiency within 240 min while NiFe2O4-SiO2-TiO2 has 96.5% reduction 
efficiency within 300 min and NiFe2O4-TiO2 gave 60% reduction efficiency within 300 min of 
UV irradiation. This magnetic photocatalyst composite (NiFe2O4-SiO2-TiO2) gives the advantage 
of avoiding the problem of separation often encountered with most photocatalyst materials 
including TiO2 by allowing separation with the aid of a magnetic field. The adsorption processes 
were all described by pseudo-second order and Langmuir isotherm models while the 
photocatalytic process was described by Langmuir-Hinshelwood (L-H) kinetic model. 
Furthermore, thermodynamic experiment studied for the adsorption processes showed that all 
metal ion adsorption except Hg
2+
 by MNP-Maph were endothermic in nature, rapid and 
spontaneous indicating the feasibility of the sorbent material for the removal of metal ions from 
aqueous solutions. 
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Also, regenerability study conducted to determine the reusability of sorbent material after seven 
cycles showed the potential to reuse sorbent material seven times or more. The reusability of the 
sorbent material was observed to show a percentage of an average of 78% using 50:50 mixture of 
0.1 mol dm
-3
 HNO3 and HCl for all adsorption processes. For the photocatalytic experiment, 
regenerability using 0.1 mol dm
-3
 for 1 h was observed to be very impressive after 3 runs for all 
synthesized photocatalytic materials. This thereby implies that the removal of metal ions by these 
materials will not in any way introduce secondary pollutants into the environment. Rather, it will 
avert the production of secondary pollutants. Also, the use of simple conventional chemicals for 
the regeneration of synthesized materials showed that regeneration in this study is cost effective 
as regeneration has been known to cost about three quarter of the total operation and 
maintenance of an adsorption or photocatalytic process. 
Application of MNP-Maph to real wastewater sampled from five different wastewater treatment 
plants in Eastern Cape Province for the removal of Cu
2+
, Zn
2+
 and As
3+
 showed that removal 
efficiencies of approximately 80% were achieved for all three metal ions upon adsorption by 
MNP-Maph. 
These therefore show that the introduction of metal loving ligand such as Maph-COOH 
improved the efficiency of MNP towards the removal of heavy metal ions from aqueous 
solution. Also, silica positively influenced the performance of magnetic titanium dioxide towards 
Cr(VI) reduction and separation from aqueous solution. This study therefore showed that these 
materials should be considered for future applications in the area of water/wastewater 
decontamination. 
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Chapter 1 
 
 
 
 
 
 
Introduction 
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1.1.    Background 
Worldwide, scarcity and shortage of clean water supply coupled with the increase in its demand 
due to population growth, rapid industrialization, water quality deterioration and global climate 
change have made provision of potable water a major concern to many heads of government and 
policy makers. About 71% of the earth crust is covered with water and surprisingly less than 3% 
of the earth’s surface water is potable (WHO, 2011). In South Africa, it has been estimated that 
about 98% of the country’s available water supply resources have already been exploited. In 
addition to this shortcoming, the country receives 450 mm per year rainfall when compared to 
the 870 mm per year global rainfall average and, this makes South Africa the world’s 30th driest 
country (Cup and Report, 2011). These conditions are expected to be worse in future going by 
the alarming rate with which pollutants and contaminants are discharged into natural water 
bodies as a result of the quest for better human life. From time to time, industries generate 
wastewater containing several toxic pollutants with little or no proper treatment before 
discharging them to the environment thereby causing increased pollution and aggravating water 
shortage and scarcity. These toxic pollutants are soluble in water and are easily transported into 
ground water, streams, rivers, seas and oceans through various natural processes. Without safe 
and clean water, food production and energy, industrial output and environment quality will be 
adversely affected; consequently affecting the economies of developing and developed countries. 
Furthermore, there will be increasing levels of conflicts and the well-being of humans will 
continuously deteriorate as a result of increased poverty and hunger. Nevertheless, despite the 
steady progress in the improvement of access to potable water facilities, presently there exist 
about 884 million and an additional 2.5 billion people globally lacking improved and quality 
water supply and sanitation respectively (WHO, 2012). To prevent these problems, there is a 
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vital need to remediate wastewater produced by various industries so as to generate clean water 
and enhance water supply for human consumption.  
In this study, we intend to develop nano-sized materials containing magnetic nanoparticles as 
adsorbents as well as photocatalysts for the purification of polluted water. To accomplish this, 
functional groups were introduced onto the surface of magnetic nanomaterials to increase their 
activity towards the removal of inorganic contaminants from aqueous solutions. Also, magnetic 
titanium dioxide photocatalysts were developed for the reduction of heavy metal ion in aqueous 
solution. The following sections describe the statement of problem, aim and objectives of this 
research. 
1.2.    Problem statement 
Inorganic contaminants particularly heavy metals are elements with atomic mass between 63.6 
and 200.6 and specific gravity more than 5.0. Virtually all heavy metals are harmful to health or 
the environment. Severe heavy metal intoxications may lead to damage in the central nervous 
system, gastrointestinal and cardiovascular systems, kidneys, lungs, liver, endocrine glands and 
sometimes bones. Extensive exposure of humans to heavy metals increases the risk to cancer. 
Some of the most toxic heavy metals that poses severe threat to the well-being of man includes 
lead, mercury and arsenic (Lakherwal, 2014). Although these substances are stable, persistent in 
the environment and non-biodegradable, some of them such as zinc and copper are essential for 
the growth and development of plants and animals. However, they become toxic when their 
amount exceeds the limit the body requires.  
Due to industrialization and urbanization, man, animals and plants have been exposed to various 
health hazards (Hamza et al., 2013). Industries such as battery, mining, fertilizer and pesticide, 
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electroplating, agricultural, paints and tannery products manufacturing companies produce 
wastewater containing high amount of these heavy metals including chromium, copper, zinc, 
lead, arsenic and mercury (Melichová and Hromada, 2013). 
Although many treatment methods have been used to address the challenges confronted with 
improvements in the quality of wastewater generated by these industries and homes but these 
treatment methods conventionally employed for the decontamination of wastewater are often 
chemically and operationally overbearing with high energy consumption and extremely costly. 
Chemical and physical treatments of wastewater like the use of ammonia, chlorine containing 
compounds, sodium hydroxide, hydrochloric acids, alum, permanganates, ferric salts, 
coagulation and filtration, ozone, ion exchange resins etc can compound the problems of 
contamination of clean water sources (Shannon et al., 2008). For instance, chlorine which is the 
most commonly used disinfectants for wastewater treatment, generates by-products which are 
mutagenic and carcinogenic to humans (Nan et al., 2010). The development of sorbents with 
multiple functionalities is still a challenge and the use of these multiple functionalized sorbents 
for the removal of single, dual or multiple contaminants in water is limited and since most used 
adsorbents do not retain their efficiencies after regeneration, the regeneration of adsorbents gives 
a huge problem. Since wastewaters usually contain multiple contaminants, there is a dire need to 
develop sorbents with multiple functionalities so as to enhance and aid the simultaneous removal 
of pollutants from wastewater. Also separating adsorbents from aqueous solutions is also a 
challenge confronted with scientist in the use of adsorbents for wastewater purification, the use 
of adsorbents with paramagnetic properties aids their easy separation from aqueous solutions. 
Therefore, it is important to develop sorbents with high adsorption capacities with easy 
5 
 
separation from aqueous solutions while retaining their effectiveness towards pollutant removal 
from aqueous solutions after regeneration. 
Magnetic nanoparticles (MNPs) are a type of nanomaterials with a uniquely high magnetic 
property together with the properties characteristics of other types of nanomaterials. They consist 
of ferrites, magnetites (Fe3O4) and maghemite (Fe2O3). Although, ferrites and magnetites have so 
far enjoyed considerable attention in the field of environmental science, gold and platinium 
nanoparticles which are also known to be magnetic nanoparticles have also been reported. MNPs 
are chemical compounds in powdered or ceramic form having Fe2O3 or FeO as their main 
component and they have an inverse spinel structure (Mohallem and Seara, 2003). Because of 
their nanosized range, supermagnetism, high surface area to volume ratio, low toxicity, easy 
synthetic methods and the fact that they can be easily modified to carry anticipated 
functionalities (Gupta and Gupta, 2005; Afkhami et al., 2010; Dias et al., 2011), MNPs have 
specifically generated a lot of interest in the removal of contaminants from aqueous solutions. 
With the use of diverse modifying agents, various functional groups such as –COOH, -OR, -NR, 
-SIO2, -C=O have been introduced onto the surface of MNPs to improve their dispersion and 
stability in aqueous solutions. These groups which serve as active sites can be responsible for the 
uptake of metal ions and organics from aqueous solution. Also, composites involving MNPs and 
other nanomaterials can be prepared to yield coactions between the nanomaterials. For example, 
magnetic silica titanium dioxide can be designed by forming composites with titanium dioxide so 
as to improve photoactivity of the material and aid easy separation from aqueous solutions. 
Despite the series of studies on the use of MNPs for the removal of pollutants from wastewater, 
to the best of my knowledge, no investigation has been reported on the functionalization of 
MNPs containing ferrites using azomethine donor ligand (schiff base ligand), 4-{[(E)-
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phenylmethylidene]amino}benzoic acid. This innovation will introduce multiple nitrogen active 
sites onto the walls of MNPs so as to achieve an improvement or enhancement in the removal of 
inorganic contaminants from aqueous solutions. Inorganic contaminants specifically heavy metal 
ions; Cu
2+
, Zn
2+
, As
3+
, Pb
2+
 and Hg
2+
 were decontaminated from aqueous solution. In addition to 
functionalizing MNPs with azomethine donor ligands, composite samples containing silica 
coated magnetic titanium dioxide were synthesized so as to produce a photocatalyst that can be 
easily separated from solution using an external magnetic field without reducing the 
photocatalytic properties of the titanium dioxide involved. This synthesized photocatalyst 
composite was employed for the reduction of Cr(VI) in aqueous solutions. 
1.3.    Aim and objectives of the study   
This study aims at developing functionalized MNPs or nanocomposites for the removal of metal 
ions from contaminated water. To achieve this aim, the following objectives were employed: 
I. To synthesize schiff base ligand, 4-{[(E)-phenylmethylidene]amino}benzoic acid and 
characterize it using nuclear magnetic resonance (NMR), CHNS analyzer, fourier transform 
infrared (FTIR) spectrophotometry and melting point measurement. 
II. To synthesize several magnetic nanomaterials and photocatalysts including  nickel ferrite 
(NiFe2O4) magnetic nanoparticles, silica coated magnetic nanoparticles (MNP-SiO2), amine 
functionalized magnetic nanoparticles (MNP-NH2), azomethine-functionalized magnetic 
nanoparticles (MNP-Maph), magnetic titanium dioxide (NiFe2O4-TiO2), magnetic titanium 
dioxide with silica interlayer (NiFe2O4-SiO2-TiO2) and titanium dioxide photocatalyst using 
coprecipitation and sol gel methods. 
III. To carry out structural and morphological characterization of all synthesized materials. 
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IV. To perform batch adsorption studies on the influence of pH, contact time, temperature, 
adsorbent dose and initial concentration of adsorbate on the removal of Cu
2+
, Zn
2+
, As
3+
, Pb
2+
 
and Hg
2+ 
from aqueous solution by using azomethine-functionalized magnetic nanoparticles. 
V. To carry our batch photocatalytic study on the effect of pH, irradiation time and 
photocatalyst dose on the reduction of Cr(VI) in aqueous solution by using NiFe2O4-SiO2 
nanoparticle, NiFe2O4-TiO2, NiFe2O4-SiO2-TiO2 and TiO2 photocatalyst materials. 
VI. To investigate the mechanism of adsorption or photocatalysis of adsorption or 
photocatalytic process using kinetic models. 
VII. To carry out regenerability studies on all materials to ascertain the feasibility of 
regenerating and recovering the nanomaterials for reuse.  
1.4.    Thesis summary 
This thesis is characterized by new and original work with the synthesis of azomethine 
functionalized magnetic nanoparticles (MNP-Maph) by covalent functionalization of MNP-NH2 
with 4-{[(E)-phenylmethylidene]amino}benzoic acid (Maph-COOH) and its use for the uptake 
of heavy metal ions from aqueous solutions by adsorption. In addition, the synthesis of silica 
interlayered magnetic photocatalyst composite for the reduction of Cr(VI) in aqueous solutions 
was carried out. This thesis is written in the format of a manuscript and is made up of nine stand-
alone chapters. 
Chapter 1: In this chapter, a brief introduction was provided on water pollution and the source 
of pollution. Problems that will be encountered if scarcity of water is continuously experienced 
were also established. Furthermore, problem statement emphasizing the need to decontaminate 
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wastewater before their discharge into the environment, and the aim and objectives of the study 
are provided in this chapter. 
Chapter 2: This chapter provides a literature review on the title of the study by given 
background information on the sources, effects and implications of inorganic contaminants 
particularly heavy metals, different wastewater treatment technologies and the materials 
commonly used for the removal of contaminants from wastewater. 
Chapter 3: This chapter includes detailed review on modified magnetic nanoparticles, the 
different strategies employed in the functionalization of magnetic nanoparticles, materials used 
to functionalize magnetic nanoparticles, progress and prospect of using functionalized magnetic 
nanoparticles for the removal of contaminants from aqueous solutions. Also, the toxic effect of 
this type of magnetic nanoparticles was discussed in this chapter. This chapter has been 
accepted for publication in a peer review journal; Materials Express, 2017. 
Chapter 4: This includes a comprehensive study on the synthesis of azomethine functionalized 
magnetic nanoparticles, its characterization and application for the removal of Cu
2+
 from 
aqueous solutions. Also, regenerability, kinetics, isotherm and thermodynamic studies were also 
reported here. Furthermore, the efficiency of this novel material for the removal of Cu
2+
 from 
real wastewater samples was assessed. This chapter has been published in a peer review 
journal; Separation and Purification Technology, 2017, volume 183, pages 204-215. 
Chapter 5: Here, the uptake of Zn
2+
 and As
3+
 by adsorption onto azomethine functionalized 
magnetic nanoparticles was discussed. Furthermore, the regenerability, kinetics, isotherm and 
thermodynamic studies were also presented in this chapter. Also, treatment of real wastewater 
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analysis for these metals with MNP-Maph was investigated. This chapter has been submitted 
to a peer review journal, Chemistry Open.  
Chapter 6: Discussion on the process involved in the removal of Pb
2+
 and Hg
2+
 from aqueous 
solution by adsorption technique was provided. Regenerability, kinetics, isotherm and 
thermodynamic experiments for the adsorption process are also part of this chapter. This 
chapter is under review in the Journal of Chemical Technology and Biotechnology.  
Chapter 7: Investigation into the competitive removal of Pb
2+
, Cu
2+
, As
3+
 and Zn
2+
 by 
adsorption onto MNP-Maph will be seen in this chapter. This chapter is under review at the 
Arabian Journal of Chemistry 
Chapter 8: This chapter describes the performance of magnetic titanium dioxide photocatalyst 
with silica interlayer (NiFe2O4-SiO2-TiO2) for the reduction of Cr(VI) in aqueous solution. This 
was consequently compared with the performance of magnetic titanium dioxide (NiFe2O4-TiO2) 
and titanium dioxide photocatalyst to determine the photocatalyst with the best performance for 
the reduction of Cr(VI) in aqueous solutions and the influence of silica interlayer on 
photocatalytic performance. This chapter has been published in a peer review journal; 
Journal of Nanomaterials, 2017, volume 2017, article ID 5264910, 11 pages. 
Chapter 9: This chapter gives the general discussion of this work in the form of conclusions and 
makes recommendation on possible areas necessary for future research. 
References 
Afkhami, A., Saber-tehrani, M. and Bagheri, H. (2010) Modified maghemite nanoparticles as an 
ef fi cient adsorbent for removing some cationic dyes from aqueous solution, Desalination, 263: 
240–248. 
10 
 
World Cup Legacy Report (2011) South Africa: A water scarce country, (pp: 58–73). 
https://www.environment.gov.za/sites/default/files/docs/water.pdf. Accessed 08/10/2015. 
Dias, A. M. G. C., Hussain, A., Marcos, A. S. and Roque, A. C. A. (2011) A biotechnological 
perspective on the application of iron oxide magnetic colloids modified with polysaccharides, 
Biotechnol. Adv., 29: 142–155.  
Gupta, A. K. and Gupta, M. (2005) Synthesis and surface engineering of iron oxide nanoparticles 
for biomedical applications, Biomaterials, 26: 3995–4021.  
Hamza, I. A. A., Martincigh, B. S., Ngila, J. C. and Nyamori, V. O. (2013) Adsorption studies of 
aqueous Pb (II) onto a sugarcane bagasse / multi-walled carbon nanotube composite, Phys. 
Chem. Earth, 66, 157–166.  
Lakherwal, D. (2014) Adsorption of Heavy Metals : A Review, Int. J. Environ. Res. Dev. 4: 41–
48. 
Melichová, Z. and Hromada, L. (2013) Adsorption of Pb
2+
 and Cu
2+
 Ions from Aqueous 
Solutions on Natural Bentonite, Poll. J. Environ. Stud., 22: 457–464. 
Mohallem, N. D. S. and Seara, L. M. (2003) Magnetic nanocomposite thin films of 
NiFe2O4/SiO2 prepared by sol-gel process, Appl. Surf. Sci., 214: 143–150.  
Nan, M., Jin, B., Chow, C. W. K. and Saint, C. (2010) Recent developments in photocatalytic 
water treatment technology : A review, Water Res., 44: 2997–3027.  
Shannon, M. A., Bohn, P. W., Elimelech, M., Georgiadis, J. G., Marin, B. J. and Mayes, A. M. 
(2008) Science and technology for water purification in the coming decades, Nature Reviews, 
452: 301–310.  
11 
 
WHO (2012) The Challenge of Extending and Sustaining Services, GLAAS 2012 Report, (pp. 
112). http//www.who.int/water_sanitation_health/glaas/.../14063_SWA_GLAAS_Highlights.pdf. 
Accessed 14/02/2016. 
WHO (2011) Guidelines for Drinking-water Quality, World Heal. Organ. 5, (1-400). 
http://www.who.int/water_sanitation_health/dwq/gdwq0506.pdf. Accessed 21/8/2016. 
 
12 
 
 
Chapter 2 
 
 
 
 
 
 
Literature review 
 
13 
 
 
2.0.   Background 
In this chapter, a concise outline of nanotechnology and its prospects in the development of 
functional nanosized materials to solve the ever-increasing environmental problems associated 
with water with a special focus on inorganic water contaminants and the function of 
nanotechnology in the removal of these contaminants in water. This will be followed by an 
assessment of the different technologies employed for water treatment, different materials used 
for water treatment, equipment employed for the analysis of adsorbent materials and commonly 
found inorganic contaminants in wastewater.  
2.1.   Water Pollution 
Pollution of water is a direct danger to the survival of many organisms and humans thereby 
compounding the already known problem of limited water supply and non-availability of water. 
Due to fast industrial growth, intensive and mechanized farming and modern, extravagant and 
fanciful human culture, different contaminants are released into water (Tiwari et al., 2008). The 
main environmental factor facing humans globally is the increasing act of polluting freshwater 
bodies. It has been reported that 80 percent of the population of the earth is at the risk of severe 
danger to water security and protection (Vörösmarty et al., 2010). Adverse consequences on the 
health of man and aquatic ecosystem are the result of emerging pollutants found in water. A 
number of contaminants found in freshwater resources as a result of increase in the number of 
industries and human activities include toxic metals, dyes, pesticides, pharmaceuticals, fluorides, 
herbicides, detergents and phenols. Owing to rapid industrial growth, novel chemical compounds 
are constantly been produced and supplied to many markets which in turn gets into the aquatic 
systems resulting into many unaddressed water contamination (Reddy and Lee, 2012). Some of 
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the contaminants are known to have negative effects even at trace levels. To eliminate or reduce 
the concentrations of these very harmful contaminants to an extremely low level, advanced 
treatment technology processes are required as conventional treatment processes and 
technologies are no longer adequate to solve these water quality challenges. Therefore, new and 
improved materials and strategies for water treatment are required to effectively address these 
challenges. 
2.2.   Nanotechnology in wastewater treatment 
Nanotechnology is a wide research area that comprises of the creation of novel materials from 
nanosized building blocks. It mainly encompasses the processing of, consolidation, separation 
and deformation of materials by an atom or a molecule. The invention of the scanning electron 
microscope and discovery of cluster science gave a big boost to nanotechnology and nanoscience 
(Saliby et al., 1999). Characterization of materials with nano size contributed immensely to their 
application in different industrial, health and environmental sectors by the development, shaping 
and modification of structures (Siegel et al., 1999).  
Wastewater treatment has benefited from nanotechnology in three different aspect: treatment and 
reclamation, pollution control and sensing and detection (Lakshmanan, 2013). Nanotechnology 
plays a critical function in addressing the environmental sector which is a fundamental issue to 
the existence of living things (Xu et al., 2012). Adsorption and membrane processes have shown 
to be very efficient for the treatment of wastewater discharged by industries such as food, textile, 
cosmetics, paints, leather, electronic, plastic, and diary manufacturing companies. Although, 
conventional treatment methods have been known (Lakshmanan, 2013) but they are unable to 
remove contaminants such as heavy metals to a sufficiently low level required for the discharge 
of treated effluents. Nanofiltration is a major type of membrane processes employed in water 
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purification systems. The following session will highlight nanofiltration as a typical membrane 
process and adsorption process of water treatment and the other methods explored for the 
treatment of effluents from industries, farmlands and homes. 
2.3.   Wastewater treatment technologies  
As a result of the problems associated with water quality, various techniques (chemical, physical 
and biological) have been proposed in recent times for the uptake or degradation of contaminants 
from wastewater. This section, will review the effectiveness, advantages and disadvantages 
associated with some of the mostly used techniques for wastewater treatment. 
2.3.1.   Membrane separation 
Membrane separation is a solid/liquid separation method for wastewater purification, it involves 
nano or ultrafiltration. It is used for bio-solid separation and helps to overcome the disadvantages 
encountered with the use of steps from biological treatments and sedimentation tank. Membrane 
separation affords a total barrier to solids suspended by passing the liquid through high pressure 
and yielding effluent of high quality. There are three categories for the application of membrane 
for wastewater treatment (1) bio-solid separation (2) extraction of selected pollutants and (3) 
biomass aeration. Employing the combination of water reclamation and night- soil treatment at 
plant scale operations in some houses in Japan are a typical example of the application of bio-
solid separation (Yamamoto and Urase, 1997). Extraction of selected pollutants using membrane 
bioreactor has been developed to extract (through dialysis) from industrial effluents, hazardous 
organic contaminants into a bio-medium for further degradation (Visvanathan et al., 2016). 
Limitations such as short membrane half-life, low selectivity, fouling, liquid viscosity and 
concentration polarization are challenges experienced with membrane separation even though 
they are convenient and cost effective (Urgun-demirtas et al., 2012). 
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2.3.2.   Aerobic and anaerobic treatment 
Aerobic treatment process uses bacteria or microbes to degrade organic matter and other 
contaminants in the presence of air in wastewater systems. The organic matter and contaminants 
are converted to biomass, CO2 and water while anaerobic treatment involves the use of microbes 
under inert atmosphere for the degradation of toxic substances in wastewater. Carbon dioxide 
and methane gas are the bye products of this process (Mittal, 2011). Cakir and Stenstrom (2005) 
in their study estimated the greenhouse gas emissions from wastewater using aerobic and 
anaerobic treatment technology (aerobic and anaerobic treatment) and showed that aerobic 
treatment emitted less greenhouse gas for minimum strength wastewater (wastewater with 300 
mg/L BOD or less) and that anaerobic treatment is highly favourable for maximum strength 
wastewater. This technology has some major drawbacks despite its ease of operation, these 
drawbacks include; sludge generation, high cost of setting it up, generation of some harmful 
compounds like hydrogen sulfide and its inability to metabolize some contaminants like dyes 
completely in the presence of oxygen or air limit its use for industrial purposes (Robinson et al., 
2001; Belgiorno et al., 2007; Amran et al., 2011). 
Table 2. 1: Differences between aerobic and aerobic processes (Chan et al., 2009; Leslie et 
al., 2011) 
Characteristics Aerobic Anaerobic 
Removal efficiency for 
organics 
Very good Very good 
Quality of effluent Excellent Moderate to poor 
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Loading rate of organics Moderate High 
Mode of treatment Total Essentially pretreatment 
Nutrient requirement High Low 
Startup time 4 weeks minimum 4 months minimum 
Energy demand High Low to moderate 
Sensitivity of Temperature Low  High 
Alkalinity requirement Low Sometime high especially for 
industrial waste 
Odor No or low odor Generates Odor 
Recovery of Bioenergy and 
nutrients  
No Yes 
Sludge generation High Low 
 
2.3.3.   Advanced oxidation processes 
Advanced oxidation processes (AOPs) involve the degradation of organic or inorganic pollutants 
in wastewater by the generation of extremely reactive hydroxyl radicals through chemical 
methods (Vogelpohl and SM, 2004; Gu and Ã, 2007). They are described by the same chemical 
feature (generation of OH radical) even though they utilize various reacting systems. The OH 
radicals are known to be extremely reactive and bind firmly to organic compounds, significant 
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characteristics of an oxidant employed for wastewater treatment and pollution control is the 
ability to selectively attack their target compounds and AOPs has that characteristics. AOPs 
versatility is intensified by virtue of its ability to afford different ways for the production of OH 
radicals thereby ensuring a better acquiescence with the particular treatment needs (Andreozzi et 
al., 1999). For instance, Wang et al. (2003) adopted ozonation technique of advanced oxidation 
process to remove dyes from textile industry wastewater and reported that by-products were 
generated which increased the toxicity of the formulation. Also, Liu and Chiou (2005) also 
reported the use of titanium dioxide photocatalysts under sunlight and UV in the absence and 
presence of peroxide for the removal of reactive dyes, their result showed high removal 
efficiency of reactive dyes through this process. Electrochemical and electro-Fenton involving 
the combination of electron generating peroxide on the polyacrylonitrile functionalized activated 
carbon fibre cathode with Fe
2+
 was investigated by Wang et al. (2010) and El-desoky et al. 
(2010) for the uptake of dye pigments from the wastewater of textile industries, their different 
reports indicated that the textile wastewater samples were successfully treated using this 
technique. 
2.3.4.   Ion Exchange 
Ion Exchange processes are reversible chemical reactions designed to remove dissolved ions 
from solutions and simultaneously replacing them with other charged ions with similar dipole. 
The utilization of chelating resins is mostly employed for the uptake of mainly inorganic and 
sometimes organic contaminants from aqueous solution. These chelating resins are ligands that 
preferentially attracts certain metal cations to themselves (Ali and El-Bishtawi, 1997). Ionic 
charge, ligand bonding and hydrated ionic radius are the properties that assess the affinity of 
chelating resins to a particular metal. These chelating resins are generally selective and have 
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affinity for heavy metal ions and do not effectively remove dyes from wastewater, therefore, 
making this process ineffective for the uptake of a vast majority of dyes. Jørgensen (1979) 
investigated the use of three ion exchangers with cellulose backbone for water/wastewater 
treatment and reported that they were able to eliminate humic acid, proteins, heavy metals and 
chromate ions from the water samples. Although ion exchangers or chelating agents can be 
easily recycled, thereby making them readily available for reuse, their application for wastewater 
treatment is however not well fancied due to their high cost and inability to remove variety of 
contaminants including dyes even at minute concentrations (Amran et al., 2011). 
2.3.5.   Adsorption  
In this process, a fluid phase containing atoms or ions (adsorbate) diffuses to an adsorbent’s 
surface where they are held to the surface of the solid or adsorbent by a weak intermolecular 
force (Rengaraj et al., 2003). The concept behind adsorption is that the concentration of the 
contaminant in a fluid is evaluated by calculating the difference between the original 
concentration in the fluid and its solution concentration after contacting an adsorbent. The mass 
balance is given as:                                                                                                             
                          m(Ne – No) = V(Co – Ce)                                                    (2.1) 
 and No = 0, it therefore means that; 
                               Ne = V(Co – Ce)/ m                                                        (2.2)        
   where Ne and Ce are concentrations of the contaminant in the adsorbent (mg/L) and solution 
phases at equilibrium (mg/L) respectively, Co is the initial contaminant concentration (mg/L). V 
is the volume of solution in L and m is the mass of adsorbent in grams (Rengaraj et al., 2003). 
This principle has been adopted for the reclaiming of water/wastewater. It is in fact considered to 
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be an ideal, better and effective method for wastewater treatment because its operation is easy 
and simple, time saving, cost effective and gives high removal efficiency of pollutants either at 
high or low adsorbate concentrations. Adsorbents are known to be non-harmful and are easily 
regenerated for further use (Ruthven, 1984). 
2.3.5.1.   Types of Adsorption      
Adsorption is classified into two types: 
i. chemical adsorption (chemisorption), or 
ii. physical adsorption (physisorption)    
In chemisorptions, molecules interact with surfaces by forming chemical hybridization of their 
orbitals with those of the atoms of the substrate while in physisorption, molecules interact with 
surfaces using the forces originating from van der Waals interaction. 
Table 2. 2: Differences between chemisorption and physisorption 
Chemisorption Physisorption 
Presence of chemical bonds Absence of chemical bonds 
They have short range forces Their particles are much more further from the 
surface plane and are strongly mobile on the 
surface 
They have high desorption temperature They have low desorption temperature as a 
result of their weak interaction 
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They possess small binding energy They have a large binding energy 
The process is irreversible The process is reversible 
Activation energy is usually small Their activation energy is always equal to zero 
They have a very strong force of attraction Possesses weak attraction force. 
 
2.4.   Adsorption kinetics 
The most vital factor in an adsorption system facility is been able to pre-empt the rate of 
adsorption with respect to adsorbate’s contact time. Several adsorption studies involving the 
removal of contaminants have attempted to find a possible reason for the kinetics involved in 
adsorption processes.  For the investigation of the mechanisms of adsorption, various kinetic 
models have been described. These kinetic models have successfully described the order of 
reaction of the adsorption processes. These include pseudo-first order and pseudo-second order 
as a function of solution concentration (Ho, 2006). In most sorption processes, both pseudo first-
order and pseudo second-order kinetic models have been used in parallel fashion and the one that 
best describes the process is determined by the correlation coefficient depending on the statistical 
package explored. The following session describes the adsorption kinetic models to be 
investigated in this study.   
2.4.1.   Pseudo first order kinetic model 
This model has been vastly employed for sorption data under non equilibrium and equilibrium 
conditions (Ho et al., 2000; Xu et al., 2004; Liu and Liu, 2008). The equation of this model is 
presented in equation 2.3:  
22 
 
                              
   where qt = adsorbate concentration at time t (mg g
-1
), qe = adsorbate concentration at 
equilibrium (mg g
-1
) and k1 = rate constant for pseudo first-order (g mg
-1
 min
-1
). A plot of  
 against t gives a straight line where the slope and intercept are derived from the 
values of qe and k1. 
2.4.2.   Pseudo second order kinetic model 
Pseudo second-order kinetic model represents the liquid-phase chemisorptions of adsorbate ions 
on the surface of the adsorbent occurring through the process of electron transfer (Reddad et al., 
2002; Ho, 2006). The advantage of using this model is that it helps to determine the equilibrium 
capacity without going through the experimental data. The equation of this model is given in 
equation 2.4: 
 
   where qt = adsorbate concentration at time t (mg g
-1
), qe = adsorbate concentration at 
equilibrium (mg g
-1
) and k2 = rate constant for pseudo second-order (g mg
-1
 min
-1
). A plot of t/qt 
against t results into a straight line where the slope and intercept are derived from the values of 
qe and k2. 
2.4.3.   Elovic model 
This is another kinetic model based on adsorption capacity. It came into prominence with the 
work of Zeldowitsch in 1934 (SSSR 1934). According to Zeldowitsch, the amount of gas 
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adsorbed increases as the adsorption rate of carbon monoxide on maganese dioxide decreases 
and this is now been known as the Elovich model (Equation 2.5). Several modifications to this 
model have been done by different researchers in recent times to obtain the equation for the 
model as expressed in equation 2.5: 
                       
   where qt = adsorbate amount after adsorption (mg g
-1
), α = rate constant of adsorption (mg g-1 
min
-1
), β = rate constant of desorption (g mg-1) and t = time (min).   
2.4.4.   Intra particle diffusion model 
The intraparticle diffusion model explains the diffusion of adsorbates through the pores of 
adsorbent and was initially described by Weber and Morris. The model’s equation is expressed 
in equation 2.6: (Demirbas et al., 2004). 
                    
  where qt = amount of adsorbate adsorbed (mg g
-1
), t = time (min) Kid = intraparticle diffusion 
rate constant (mg g-1 min0.5) and l = boundary layer thickness constant (mg g
-1
). 
2.5.   Adsorption isotherms 
Adsorption isotherms help to know the fundamental idea behind the orientation of group 
molecules in the interior of liquids or gases and surfaces of solids and consider adsorption as a 
chemical process (Langmuir, 1917). It has been frequently employed to equilibrium studies 
involving uptake between two surfaces, solid and liquid or solid and gases and gives no 
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explanation on the mechanism of adsorption. Two mostly used adsorption isotherms are 
Langmuir and Freudlich models. 
2.5.1.   Langmuir model 
This model is employed for monolayer adsorption and examines the phenomenon behind the 
adsorption of gases on solid surfaces (Liu and Liu, 2008). The equation of Langmuir isotherm 
model is given in equation 2.7: 
                           ) 
     where qeq = adsorption capacity (mg g-1), Ceq = adsorbate’s concentration in solution at 
equilibrium (mg dm
-3
), qm = maximum monolayer capacity (mg g
-1
) and b = Langmuir isotherm 
constant (dm
3
 mg
-1
). A straight line obtained when a graph of Ceq/qeq is plotted against Ceq gives 
an intercept 1/qmax and slope 1/qmaxb (Dada et al., 2012).  
2.5.2.   Freudlich model 
It is used to explain non-specific adsorption, describing adsorption as both a monolayer and 
multilayer type and assumes that adsorption occurred on the adsorbent on its heterogeneous 
surface. The equation of Freudlich isotherm model is given in equation 2.8: 
                                
    where qeq = adsorption capacity (mg g-1), Ceq = adsorbate’s concentration in solution at 
equilibrium (mg dm
-3
), KF = Freudlich isotherm constant (mg g
-1
)(dm
3
 mg
-1
) and n = adsorption 
intensity. 
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A straight line obtained when a graph of log qeq is plotted against log Ceq gives an intercept KF 
and slope 1/n (Auffan et al., 2008).  
2.6.   Adsorption thermodynamics 
Thermodynamic data provides an insight into the final state of a system (Azizian, 2004). It 
enables the understanding of the energy changes and feasibility of an adsorption process. 
Temperature plays a vital role in determining the thermodynamics of any system as temperature 
increase may favor an increase in the removal of adsorbate ion through one or more of the 
following scenarios: 
a. Increasing movement of ions in the adsorbate to the active site on the adsorbent, 
b. Electrostatic repulsion reduction between the adsorbate and surface of the adsorbent and; 
c. Activation of the active sites on the adsorbent which is responsible for binding to the 
adsorbate ions (Sharma and Kaur, 2011). 
In another way, temperature increase may lead to the reduction in the uptake efficiency of an 
adsorbate in aqueous solution (Sharma and Kaur, 2011). Therefore, increase in temperature may 
result to an increase or decrease in the adsorption of contaminant in aqueous solutions.  
Entropy change ∆So in J mol-1 K-1, enthalpy change ∆Ho in KJ mol-1 and Gibbs energy ∆Go in KJ 
mol
-1
 are thermodynamic parameters which determines how feasible and spontaneous an 
adsorption or desorption process will be. Equations 2.9 and 2.10 show the equation for the Gibbs 
energy and equation connecting Gibbs free energy, entropy and enthalpy of an adsorption 
process respectively. 
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   where R is the gas constant (8.314 J mol
-1
K
-1
), T is the absolute temperature in kelvin, K which 
is qe/Ce is the equilibrium constant at various temperatures, ∆S
o
 and ∆Ho are the intercept and 
slope of the plot of ln k vs 1/T. From the data obtained from the experiment of increase in 
temperature of an adsorption process, we can calculate the values of ∆Go, ∆Ho and ∆So.  
Gibbs free energy reveals the feasibility of an adsorption process and when positive ∆Go value is 
obtained from a process, it depicts the non-feasibility of the adsorption process and when 
negative ∆Go value was obtained; it indicates that the process is feasible causing an increase in 
the uptake of adsorbate ions from solution. Likewise, positive ∆So value indicates the 
randomness and spontaneity of the adsorption process and a negative ∆So value shows that the 
process is not a random one (Ozdemir et al., 2016). Furthermore, a positive ∆Ho value reveals 
that the adsorption process is endothermic while a negative ∆Ho value shows that the process is 
exothermic in nature. 
2.7.   Nanomaterials employed for wastewater treatment 
2.7.1.   Titanium dioxide photocatalyst 
Titanium dioxide (TiO2) exists in nature as anatase, rutile and brookite. They are naturally 
heterogeneous and are known to exist as a small metal clusters held together by oxygen. 
Understanding their catalytic reactions, surface chemistry and improving them is essential in 
order to achieve efficiency in catalysis (Savio and Kennedy, 2011). Other photocatalyts are well 
known (e.g ZnO, CdS, SnO2 and WO3), most of these have large band gap, instability in aqueous 
solutions and high electron recombination rates. TiO2 is regarded to be the most suitable 
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photocatalytic semiconductor because it is highly stable towards photo corrosion, aqueous 
solutions and possesses with favourable band gap energy (Gratzel, 2001).   
Semiconductor TiO2 has attracted increased attention from scientists globally because of its 
capability to reduce and remove metal ions from wastewater. This is possible because it is able to 
convert light energy into chemical energy.  
The fundamental principle of TiO2 as a photocatalyst is in its ability to absorb enough energetic 
photons to match the photoactive material band gap. This initiates electron promotion from the 
valence band to the conduction band leaving the valence band electron deficient positive hole. 
The overlapping of the oxygen 2p orbital is responsible for the formation of the valence band in 
contrast to the conduction band that is formed mainly by the 3d orbital with t2g symmetry of the 
Ti
4+
 cations. All but few of these photo generated electron hole pairs recombine thereby given 
off light or heat from the absorbed energy (Kuvarega et al., 2012). Little amount of the carriers 
are trapped at the surface where they undergo reduction or oxidation. Another scenario is that the 
positive holes may react with water or hydroxyl ions at the surface to generate highly oxidized 
hydroxyl radicals (OH*). The oxidizing power of these hydroxyl radicals is responsible for the 
photocatalytic reduction of most metals. 
2.7.2.   Magnetic nanoparticles 
Magnetic nanoparticles (MNPs) have sparked application in the treatment of water contaminated 
with hazardous substances, this is as a result of their unique properties.  These properties which 
include size effects, surface area effect and high magnetism give them an edge when attracting 
metal ions from aqueous solutions (Sharma and Sharma, 2012).  
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Detailed report on the properties of magnetic nanoparticles, toxicity and functionalization 
strategies for heavy metal removal in aqueous solutions can be found in the next chapter and has 
been presented as a review article (Chapter 3).   
2.8.   Heavy metal contaminants in water 
This session reviews the effects, sources and uses of six heavy metal ions (copper, lead, zinc, 
mercury, arsenic and chromium) because of the chronic and toxic nature of lead, mercury, 
arsenic and chromium and the side effects observed with high amount of copper and zinc in 
humans. Recently, some heavy metals were categorized as priority hazardous substances by a 
United State of America agency, Agency for Toxic Substances and Disease Control (ATSDR) as 
a result of the fact that continuous release of heavy metal ions into the environment has been 
causing adverse health problems (ATSDR, 2015). This is so because metal ions are 
biodegradable and exist in the environment for long periods. Their treatment is importantly 
becoming necessary due to their continued persistent for longer periods in the environment. Even 
though numerous treatment methods have been reported, there is a dire need for a more 
improved and robust method of treatment so as to minimize or reduce to the barest minimum 
their existence in water. Also, more stringent regulations are required from government agencies 
to discourage the discharge of these metals into the environment by industries generating 
effluents containing these hazardous metals. 
2.8.1.   Copper  
Copper (Cu) is one of the crucial elements for the growth of living organisms. It is an essential 
micronutrient for the nervous system, lipid metabolism and proper functioning of the blood 
vessels. Although, its deficiency in man is scarcely known, symptoms and complains such as 
fatigue, low white blood cells and anemia are experienced when in low amount. Despite the 
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many importance of copper, excessive amount causes kidney, respiratory, lung and liver 
disorders and sometimes death. The major source of this heavy metal is the industry (such as 
electrical, fertilizer, Wood and pigment, electroplating, paint and metal finishing manufacturing 
companies) from which improper treatment of toxic wastes are observed. These toxic wastes 
containing copper ions are discharged into the ground and surface water causing severe problems 
to man. The World Health Organization (WHO) recommended an acceptable limit of 1.5 mg dm
-
3
 of copper in potable water (Ahamed and Begum, 2012). Hence good treatment regime is 
needed to ensure that copper contents in groundwater, sediments, landfills and soil are eliminated 
from these environmental samples.  
2.8.2.   Lead 
Lead (Pb) is one of the most commonly found trace metals on earth. They are found in the 
atmosphere and water bodies from industrial wastes either as gases, liquids or solids, from car 
exhaust and dust particles (Tangahu et al., 2011). When present in humans and animals in high 
proportion, it is just like other trace metals very toxic. When present in the environment, Pb 
remains there for a long time because of its non-biodegradable properties. In wastewater, Pb may 
emanate from melting and leaching of plumbing pipes, industrial discharge and from mining 
activities. Although, lead is utilized in battery, insecticide, alloy, pigment and plumbing pipes 
manufacturing companies, its content in discharged effluents should not exceed 15µg/L 
according to the United State Environmental Protection Agency (USEPA) (Lawson, 2011).   
2.8.3.   Zinc 
Zinc (Zn) is abundantly available in the earth crust as zinc oxide ore and due to human activities; 
its concentration in the environment is increasingly growing. Zinc is also among the trace metals 
essential for the growth of plants and animals but at concentrations beyond the required amount, 
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they tend to be very toxic and dangerous. Its ingestion should not exceed 5 mg dm
-3
 (Mohan and 
Singh, 2002). Major sources of zinc into the environment are from the industries. Industries such 
as paint, galvanizing, fertilizers, pigment and polymer manufacturing are among the many 
industries responsible for the discharge of zinc metal into the environment. Others include the 
burning of fossil fuels and electroplating. Zinc metal exists in water as zinc hydroxide at pH > 7. 
Although excess amount of zinc in the body causes severe ailments, its deficiency results in 
irritations such as loss of appetite, growth retardation, vomiting, diarrhea and low immunity 
towards diseases. 
2.8.4.   Mercury 
Mercury (Hg) due to its high toxicity in relation to its intake, it is ranked as the third most toxic 
metal (ATSDR, 2015). The physical properties of mercury indicate that it is a heavy, silver white 
liquid metal. The contamination of aquatic environments by mercury is mainly through the 
discharge of mercury containing effluents by chlor-alkali plants and combustion of fossil fuels. 
The resultant effects of mercury intake by man are lung and brain dysfunction, headaches, birth 
defects, vomiting, skin rashes, disruption of the nervous system and sometimes death. As a 
consequence of these effects, mercury intake has been fixed for a maximum of 0.003 mg dm
-3
 by 
environmental agencies (ATSDR, 2015; Saman et al., 2015). In as much as mercury serves as a 
big threat to the existence of aquatic environments, industries such as electrical, battery, 
fertilizer, rubber, pharmaceuticals, insecticides and paper and pulp which uses mercury in their 
production processes, should put in drastic efforts in the control and discharge of mercury 
containing effluents into aquatic environments. In water, mercury thrives at pH > 6.0 mainly in 
the form of divalent ion as mercury hydroxides ions.  
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2.8.5.   Arsenic  
Water contamination by arsenic is a dangerous environmental issue. It leads to life threatening 
diseases like cancer, nausea, neurological disorder, muscular weakness, and many others 
(Mandal and Suzuki, 2002). About 45-57 million people in Bangladesh and approximately 13 
million people in United States have been exposed to water contaminated with arsenic according 
to the world health organization report of 2006. USEPA guideline suggested that, arsenic 
contaminant level in water should not exceed 0.010 mg dm
-3
 (Dave and Chopda, 2014; Epa, 
2015). Therefore it is pertinent to remove arsenic from wastewater generated from the industries 
and homes. Arsenic (As) is a silver grey brittle crystalline solid which exists in nature mainly as 
As
3+
 and As
5+
. In water, arsenic is found in the form of arsenic acids (H3AsO4
-
, H3AsO4, 
H3AsO4
2-
), arsenious acids (H3AsO3, H3AsO3, H3AsO3
2-
), arsenates, arsenates etc. Most arsenic 
found in the environment are mainly by natural causes including weathering, biological activity, 
volcanic eruption, geochemical reactions etc with soil erosion and leaching contributing roughly 
612 x 10
8
 and 2380 x 10
8
 g/year of arsenic respectively. This is not to say that human activities 
do not contribute to the release of arsenic to the environment. Mining activities, combustion of 
fossil fuels, use of herbicides, insecticides, arsenic additives to the feed of livestocks contributes 
significantly to the arsenic load in the environment (Mohan and Pittman, 2007). 
2.8.6.   Chromium 
Chromium (Cr) is released into the environment by natural sources such as weathering of rocks 
and soils, volcanic ash dry fallout and run off from terrestrial sources. Additionally, variety of 
anthropogenic activities of man also contribute about 75,000 ton (1.3 x 10
9
 mol) of chromium 
annually through steel manufacturing, leather tanning, combustion of fossil fuels and wood 
preservation (Kotasâ and Stasicka, 2000). Two different forms of chromium exists; the trivalent, 
32 
 
Cr(III) and hexavalent forms, Cr(VI). The trivalent chromium is known to have a low solubility 
and is easily absorbed by particles. It is an essential nutrient for organisms since it forms 
complexes with organic ligands. Cr(III) helps to maintain the metabolism of cholesterol, glucose, 
and fats and enhances the synthesis of nucleic and amino acids in the body (Ternay et al., 1995). 
Unlike Cr(III), hexavalent chromium is not really absorbed by particles and is extremely soluble 
as chromate in aqueous solutions. Due to these, Cr(VI) is very toxic to organisms even at 
extremely low amounts (Ternay et al., 1995; Kieber et al., 2002). Therefore, removal of Cr(VI) 
from effluents should be a top priority before the discharge of these effluents from the industry 
into the environment. 
2.9.   Characterization techniques and instruments 
This section takes a look at the different characterization\analytical techniques used for material 
elucidation or detection of analyte solutions. Also, techniques used to confirm the structure and 
synthesis of the ligand were also discussed in this session. General underlining principles of 
these techniques and their suitability for characterization or analysis to collect the information 
required were described. This session is necessary as it enables better understanding and control 
of nanoparticle synthesis and application.  
2.9.1.   Fourier transform infrared spectrophotometry 
This technique uses infrared light by radiating it on an adsorbent or ligand. Adsorption peaks 
characteristics of the frequency of vibration between atomic bonds in the adsorbent and the 
molecular bonds is obtained and displayed on an infrared (IR) spectrum. The fourier transform 
infrared spectrophotometry (FTIR) is a non-destructive technique which provides accurate 
measurement method without external calibration. It can collect a scan every second by 
increasing in speed. Also it has greater optical sensor and very simple to operates with just one 
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moving part (Nielsen, 2009). No two compounds can produce the same infrared spectrum 
because each two compounds have its unique composition of atoms. Compounds are identified 
by using FTIR because it identifies in a molecule the presence of some functional groups. FTIR 
helps to detect the presence of impurities and confirms the identity of a pure compound.  
2.9.2.   Nuclear magnetic resonance spectrometry 
Nuclear magnetic resonance spectroscopy (NMR) is a technique employed for the determination 
of a compound’s structure by identifying the carbon-hydrogen framework. It is generally used 
for organic compounds and it works by simply aligning the nuclei with or against an external 
magnetic field since the nucleus of an atom is continuously generating a magnetic field. It is very 
important for structural elucidation when employed with other techniques like the FTIR to reveal 
the identity of a compound (Nielsen, 2009). It could be used to determine the number of proton 
(that is hydrogen atoms) or number of carbon present in a compound. NMR spectroscopy 
employs a proton or carbon chemical shifts and spin-spin coupling constant for structure 
determination. Its disadvantage is that it cannot be used alone to reveal organic compounds 
identity especially isomers unless it is complemented by other techniques. 
2.9.3.   Thermogravimetric analysis 
Thermogravimetric analysis (TGA) simply adopts the system of measuring the change in the 
property of a compound or material as temperature changes. The property of the compound 
measured as temperature changes in TGA is mass. It is very useful in the study of the kinetic 
processes of liquids and solids as long as there is a loss of mass in the process. This technique 
requires the accuracy of the weighing balance to be used and precision in the control of 
temperature and other atmospheric conditions. A plot of the weight percentage against 
temperature gives the TGA curve. This curve gives information on the ash content and 
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decomposition temperature. The amount of water molecules and residual metal nanoparticles can 
be determined from this curve thereby confirming the purity of functionalized magnetic 
nanoparticles and photocatalytic materials. It also provides knowledge on the composition of the 
synthesized materials as well as their oxidative and thermal stability (Nielsen, 2009). 
2.9.4.   Elemental analysis 
Elemental analysis often known as CHNS uses oxygen to cause a complete combustion of a 
substance in a gaseous product such as water, carbon dioxide and nitric acid. It provides 
information on the composition of elements such as hydrogen, carbon and nitrogen on 
percentage basis. It is very important as it gives details about the purity and formula of a sample 
that is unknown. 
2.9.5.   X-ray diffraction spectrometry 
X-ray diffraction spectrometry (XRD) makes use of a beam directed at a sample and a 
measurement of the angles at which the beam is diffracted is done. A diffraction pattern is 
generated as a result of the scattering of the rays into different directions when the beam interacts 
with the chosen material. This diffraction pattern is observed as peaks with different intensities at 
specific diffraction angles and it is characteristic of a specific crystal structure. XRD is employed 
mostly for the characterization of the fingerprint of crystalline magnetic nanomaterials and 
photocatalytic composites and their structures. It also supplies information on nanocrystallite 
sizes, type of crystal structures and miller indices. It is a non-destructive technique and makes 
use of the Bragg’s law which gives the conditions for constructive interference as: 
                              nλ = 2d sin ϴ                                                              (2.11) 
   where, λ is the wavelength of the x-rays, d is the distance and ϴ is the angle of diffraction. 
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2.9.6.   Microscopic techniques 
Microscopic techniques are important to confirm the morphology, spinel spherical shape and size 
distribution of magnetic nanoparticles. These techniques which includes scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM) focuses a beam of light on the 
sample to induce interaction between magnetic nanoparticles and electrons thereby providing 
information on the surface morphology, size and quality of the material. Electron detectors are 
used to collect electrons and the plot of detector signal against beam location results in the 
formation of an image. They provide details on the micro-structural information up to the level 
of an atom. With advancement in technologies with regards to electron sources and detectors, 
higher magnifications and resolutions are now been manufactured to enable the examination of 
materials with beam sensitivity, nanomaterials and grain structures. TEM can provide micro-
structural information down to the level of an atom and can view crystal structures and 
crystalline defects (Latorre et al., 2012).  
2.9.7.   Vibrating sample magnetometry   
Vibrating sample magnetometry (VSM) enables the measurement of the magnetic properties of 
materials with respect to magnetic field, time and temperature. They are suitable for research and 
development, quality and process control and production testing. The VSM system can be used 
to analyze powders, solids, liquids, thin films and single crystals. The instrument used for a VSM 
system is known as vibrating sample magnetometer which operates automatically through data 
acquisition and control in addition to the analysis of software making the instrument simple and 
easy to operate by even a non-specialist. It determines the characteristics of any magnetic 
material especially its magnetic hysteresis loop at ambient temperature (Dodrill, 2015). In a 
VSM system, a sample is placed within suitable sensing coils and subjected to mechanical 
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motion. The magnetic flux changes generated triggers a voltage in the sensing coil which is 
proportional to the magnetic moment of the sample. Temperature may be varied by the use of 
either a furnace assemblies or cryostats (Dodrill, 2015). 
2.9.8.   Flame ionization atomic adsorption spectrophotometry  
This technique uses a flame to atomize a sample by converting to ground state so as to produce 
radiation at a particular wavelength. It is employed for the determination of metal ions in 
aqueous solutions. The concentration of the metal ion is determined from the intensity of light 
absorbed by the atom of the metal. The high sensitivity of this technique makes it desirable for 
the analysis of metal ions in aqueous solutions. 
2.9.9.   Ultraviolet-Visible spectrophotometry 
Ultraviolet/visible spectrophotometry (UV/Vis) ensures the measurement of the reduction in 
intensity of light beam passing through a sample or a sample surface reflection. The atomic 
orbital of atoms in a bond are merged in a molecule to form molecular orbital which are 
occupied by different energy levels containing electrons. These energy levels get excited from 
the highest occupied molecular orbital (HUMO) to the lowest unoccupied molecular orbital 
(LUMO) and the result of this process is an excited state specie. This could only be achieved if 
the specie absorbed radiation in form of light (Pavia et al., 2001).  
Molecules undergo electronic transitions and the measurement of the absorbance can be used to 
calculate the concentration of the sample by using Beer-Lambert’s equation (Equation 2.12). 
                                    A = εbc                                                              (2.12) 
    where A = absorption, ε = molar absorptivity which is a constant, b = path length of the 
sample and c = concentration. 
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Abstract 
Magnetic nanoparticles (MNPs) known with excellent magnetic properties and easy method of 
preparation are good adsorbents for the uptake of contaminants from aqueous solutions but due 
to agglomeration and oxidation in air during synthesis, surface coating have been employed in 
years past as a solution to the challenges encountered using MNPs as adsorbents because it not 
only stabilize the magnetic center from oxidation and agglomeration but also improves the 
adsorption capability of the materials. Coating the surfaces of MNPs has been a serious 
challenge for the use of these materials for water purification because care must be taken for the 
surface active agent not to affect or alter the properties of the magnetic core. Also the separation 
of the surface modified magnetic nanoparticles from aqueous solution has been known to be a 
difficult task due to the leaching of the surfactant material. In recent years, composite mixtures 
of MNPs with other nanoparticles which help to improve the adsorbing properties of MNPs and 
also avoid the difficulty of modifying the surface of the magnetic NPs have been extensively 
studied. Functionalization of the magnetic cores with nitrogen containing ligands for effective 
removal of contaminants is presently been investigated worldwide. In this paper, we report on 
the progress and prospect in the use of chelating ligands as surface modifier for the effectiveness 
of MNPs in water purification.   
3.0.   Introduction 
The most common MNPs are the ferrites. Ferrites from the words ferro and iron are powders 
with ferromagnetic properties obtained from a chemical reaction with iron oxides as its major 
constituent (Kharisov et al., 2014). The most common ferrites are the magnetite (Fe3O4) and 
maghemite (Fe2O3) with other transition metals changing a part of any of these two to obtain 
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other ferrites. Many ferrites especially magnetite have an inverse spinel crystalline structure, 
other crystalline forms of ferrites are hexagonal and garnet (Lu et al., 2011). 
Recently, magnetic nanoparticles have attracted increased interest in the field of environmental 
science because of their unique properties. These nanoparticles can under the effect of a 
magnetic field be manipulated (Buzea et al., 2013). In addition, they possess a very small 
particle sizes and are generally made up of elements such as iron, nickel, cobalt, oxygen etc. In 
most cases, they have iron (iii) as the ever present in combination with ion (ii) salts of nickel, 
cobalt or iron (Maaz et al., 2007; Reddy et al., 2012; Gómez-Pastora et al., 2014). Many 
methods have been utilized for the synthesis of MNPs which include: physical methods such as 
gas phase deposition, pulsed laser ablation, electron beam lithography, powder ball milling, 
aerosol etc, chemical methods such as co-precipitation (Maaz et al., 2007), hydrothermal, micro 
emulsion (Mathew and Juang, 2007), electrochemical deposition, sonochemical, thermal 
decomposition etc and biological methods such as the ones mediated by fungi, bacteria and 
protein (Xu et al., 2012; Diallo et al., 2013). Magnetic nanoparticles due to their large surface-to-
volume ratio boast of a high surface energy and attempt to reduce this high surface energy causes 
them to undergo aggregation. Naked or bare magnetic nanoparticles are easily oxidized in air 
because of their high chemical activity, this oxidation generally result into them losing their 
magnetic, dispersing and adsorbing properties. To prevent this, adequate surface coating is 
needed to ensure the stability of this particle. 
In determining the size, shape, magnetic properties and surface chemistry of magnetic 
nanomaterials, preparation methods and adequate surface coating or modification medium play a 
major role (Jeong et al., 2007; Machala et al., 2007). 
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Surface coating of MNPs could mean modification, stabilization and functionalization. This 
difference in nomenclature is determined by the motive for which coating is planned for. A 
variety of synthetic approaches have been made to high quality magnetic nanoparticles of 
different adsorption properties, shapes and sizes (Hassanjani-Roshan et al., 2011), nano-ovals 
(Yong-mei et al., 2010), nanobelts (Fan et al., 2011) and nanorings (Gotić et al., 2011) or other 
nanostructures. These methods of MNPs synthesis enable the actual control of the active sites on 
its surface for different applications in the area of environmental science. For the improvement 
and enhancement of the adsorbing properties of MNPs for application as adsorbents in aqueous 
solutions, researchers are confronted with the problem of accurately controlling the size, 
composition and shape in a way that is cost effective and environmentally friendly. Although 
several different categories of nanomaterials are known which include carbon based materials 
(such as carbon nanotubes, fullerenes, graphenes) and inorganic materials such as titanium 
dioxide and quantum dots (cadmium selenide and cadmium sulfide), mixtures or composite of 
different phases with magnetic nanoparticles have also been reported. These materials also 
produce various shapes such as spheres, prisms, rods and tubes. The incorporation of these nano-
size structures into more larger material components and systems, sustaining and maintaining the 
control and design of novel and improved materials at the nano-size is very essential for the 
removal of contaminants from aqueous solutions (Roco and Bainbridge, 2005; Ju-Nam and Lead, 
2008). The type of surface coating material chosen for the functionalization of MNPs should 
depend on the contaminant in an aqueous that is intended for removal. Here, we review the effect 
of surfactant molecules on the adsorbing properties of magnetic nanoparticles, coating material 
types and methods employed in surface modification and the factors affecting the adsorbing 
properties of these NPs, different nanomaterials used for composite material synthesis intended 
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for water purification are also briefly reported and the progress made so far in the use of 
magnetic nanocomposite for water purification which serve as a good alternative and potential 
substitute to surface modification of MNPs, the methods used to carry out multi functionalization 
of magnetic nanoparticles using chelating ligands and the prospect in the use of multifunctional 
magnetic nanoparticles for water purification. Beyond the scope of this article is the synthesis 
method, properties, application and characterization of MNPs and the technology used for the 
purification of aqueous solutions, but all these have been reported elsewhere (Wu et al., 2008; 
Teja and Koh, 2009; Laurent et al., 2010; Yamini et al., 2010). 
3.1.   Surface functionalization of MNPs 
Surface functionalization is a way of selectively adding a functional group to the surface of 
nanomaterials without affecting or changing the core of the material. It gives the material a new 
surface chemical property such as solubility, reactivity, stability, melting point and electronic 
structure different from that of the original material thereby making it homogenous in size and 
having a good shape distribution as well as controlling its stability in aqueous solutions (Zhu et 
al., 2010; Rebuttini et al., 2014). MNPs possess large surface area to volume ratio. In the 
absence of a surface coating, they do not attract mass of water molecules (hydrophobicity), the 
particles agglomerate and form clusters with increased particle size thereby exhibiting attraction 
to magnets. Surface functionalization is non avoidable since MNPs are magnetically attracted 
(Gupta and Gupta, 2005; Sanchez et al., 2005; Chourashiya, 2009). This could be achieved in 
two different ways: 
1. In-situ surface modification: introducing a surface active agent while synthesis of the 
MNPs is on-going. This procedure is mainly adopted in co-precipitation techniques with 
the magnetic core and coating material nucleation occurring at the same time. 
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2. Post-situ surface modification: it entails the addition of surface active agent after the 
synthesis of ferrite magnetic core. 
Some stabilizing agents such as a surfactant or an organic polymer are often added during the 
preparation of magnetic nanomaterials to prevent clustering and oxidation while others are added 
to the surface of the nanomaterials after preparation for the purpose of functionalization. In either 
way, a very high amount of surfactants is required for the effective stabilization of magnetic 
nanoparticles (Gupta and Gupta, 2005). 
3.2.   Effects of surface coating on the properties of MNPs for water purification 
Properties of nanomaterials are controlled by two key factors; size and surface characteristics of 
the nanoparticles. The interrelation between these two factors is as the surface-volume ratio 
increases, as the sizes of the particles decreases, the surface effects become more apparent and 
thereby easier to explore for different purposes (Burda et al., 2005). In contrast to activated 
carbon or carbon nanotube, magnetic nanoparticles has a lower surface area of 87 m
2 
g
-1
 
compared to activated carbon with 799 m
2 
g
-1 
which makes their absorption capacity for heavy 
metals low compared to that of activated carbon or carbon nanotubes (Zhang et al., 2007). But 
due to separation issues, activated carbon or carbon nanotubes has experienced limitation in their 
usage as they are often less easier to separate from aqueous solution. To improve the adsorption 
performance of magnetic nanoparticles, surface coating or functionalization is desirable. 
Magnetic nanoparticles can be employed for a number of applications because of their unique, 
important, physical, mechanical and chemical properties. Few among the applications of ferrite 
nanomaterials include membranes for gas filtration and nanofiltration, high sensitive sensors, 
high performance electronics, computer chips, catalyst, medical implants and ceramics. Most 
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synthesized ligands have been employed as capping agents serving as an organic coating for 
magnetic nanoparticles (Nilov et al., 2014). 
Copper ferrite magnetic nanoparticles was synthesized from PCB sludge using acid leaching, 
chemical exchange and MNP process without surface modification for the removal of arsenic 
from underground water (Tu et al., 2012). The prepared MNPs were found to have a minimum 
size of 20 nm with a saturation magnetization of 62.52 emu g
-1
 indicating its supermagnetism. 
Adsorption experiments shows that the maximum arsenic adsorption performance of the copper 
ferrite was 45.66 mg g
-1
 at pH 3.7 but Sezgin et al. (2013) synthesized nickel ferrite and copper 
ferrite MNPs by the PEG assisted hydrothermal method for the uptake of Cu(ii), Ni(ii) and Zn(ii) 
from wastewater. The PEG was added as the surface modifier to prevent a size increase of the 
nanoparticles. Spectroscopic and diffraction studies indicated that the particles have single phase 
spinel structure with sizes 25.6 nm and 11.3 nm for NiFe2O4 and CuFe2O4 respectively. The 
nanoparticles were also shown to have a spherical shape with a little agglomeration when viewed 
under SEM. The spherical spinel shaped magnetic nanoparticles were found to be very efficient 
for copper, zinc and nickel removal from simulated water using adsorption techniques. It was 
observed that the adsorption capacities and removal efficiencies of the synthesized NPs for 
Cu(ii), Ni(ii) and Zn(ii) were 83.50%, 98.85% and 99.80% using copper ferrite and 92.55%, 
36.56% and 99.91% respectively using zinc ferrite MNPs. 
Banerjee and Chen (2007) reported the synthesis of unmodified and surface modified Fe3O4 for 
the removal of copper ions from aqueous solutions. Gum arabic was used to modify the surface 
of the MNP and it was observed that the surface modification did not result into a change in the 
phase and core of the magnetite nanoparticles with both the naked magnetite and gum arabic 
coated MNP efficient for the adsorption of copper ions from aqueous solution with the coated 
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MNP having an adsorption capacity of 38.5 mg g
-1 
higher than that of the uncoated MNP of 17.6 
mg g
-1
. Adsorption took place via the complexation of copper ions with the amine group of the 
gum arabic and the OH group on the surface of the Fe3O4 and adsorption completion rate of 2 
min. 
Fe3O4 modified with dimercaptosuccinic acid (DMSA) was synthesized for the uptake of heavy 
metals from solution. The synthesized magnetic nanoparticles was found to possess an average 
particle size of 6 nm when viewed with TEM and the interaction of the surface active agent with 
the surface of the MNPs was found to be an interaction of the hydrogen bonding of the OH group 
and iron carboxylate linkage under acidic and alkaline conditions respectively. The nanoparticle 
showed effectiveness in the removal of Hg, Ag, Pb and Cd from aqueous solution with high 
dispersibility and stability. Their separation from solution was within a minute with a 1.2 T 
magnet (Yantasee et al., 2007). 
Girginova et al. (2010) prepared silica coated magnetic nanoparticles by hydrolysis of FeSO4 for 
the removal of mercury from water. Their study showed that the material displayed a high 
efficiency of Hg(ii) with an uptake rate of 74% compared to the uptake rate of 24% of the 
uncoated particle.   
Table 3. 1: Effect of coating on the properties of MNPs 
  MNPs  
 
          Particle size  
               (nm) 
Adsorption capacity 
               (%) 
Magnetization 
       (emu g
-1
) 
   References 
Uncoated Coated uncoated  Coated uncoated coated 
Fe3O4- silica -      -     74    24     92   90    (Girginova 
et al., 2010) 
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 Fe3O4-
silica 
   7.9  216.9       -    -   82.73 6.04 (Mohammad-
Beigi et al., 
2011) 
Fe3O4-
citrate 
   7.9  275      -    -   82.73 79.26 (Mohammad-
Beigi et al., 
2011) 
Fe3O4-gum 
Arabic 
13   13  31.37 68.62      -   - (Banerjee 
and Chen, 
2007) 
Fe3O4- 
chitosan 
10.5   14.1     56  60   36.94  5.79 (Kyzas and 
Deliyanni, 
2013) 
MnFe2O4-
jacobsite 
  8   10     42   95     4.3   3.60 (Hu et al., 
2005) 
        
3.3.   Surface coating materials 
The performance of MNPs for environmental applications in some cases depends on the coating 
material employed for the surface modification of the magnetic core and how these materials are 
connected to the magnetic core surface.  
Different types of surface coating materials are known and these include: 
3.3.1.   Natural oils 
The use of natural or vegetable oils as surfactant or capping agents for ferrites provides the 
advantage of or alternative to synthesizing a non-toxic and environmental, simple and 
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economical crystalline magnetic nano powders. Gherca et al. (2012) synthesized cobalt, 
magnesium, manganese and nickel ferrite magnetic nanoparticles using ricin oil (a natural oil) as 
surface active agent. The study shows that MNPs of small sizes of between 12-21 nm were 
obtained with the XRD diffraction pattern confirming the phase purity of the nanocrystallite 
MNPs. The NPs surface was shown to be activated with OH and C-O groups according to the 
FTIR analysis and the vibrating sample magnetometer shows that the ricin oil influenced the 
magnetic properties of the nano powders making the saturation magnetization values to be small 
compared to the values of the uncapped materials. New glycine-functionalized MNPs entrapped 
Ca alginate beads was reported to be used for the removal of lead from aqueous solution, the 
novel material was found to remove 99.8% of Pb(ii) ions from aqueous solution and its 
adsorption capacity was 555.5 mg g
-1
 indicating excellent adsorption performance (Verma et al., 
2017). Es’haghi et al., (2016) employed olive oil for the coating of MNPs for the removal of 
nickel from environmental samples. Their investigation revealed that at optimum conditions of 
pH, adsorption time, adsorbate concentration and temperature, the green synthesized adsorbent 
showed good recovery of nickel from environmental samples. Also, two natural oils, olive and 
flaxseed oils were used as coating materials for the functionalization of MNPs for the removal of 
three toxic metals (copper, nickel and chromium) from aqueous solution. The adsorption data 
obtained indicate a good adsorption capacity for the removal of metal ions and a much better 
adsorption capacity specifically for chromium compared to the other metal ions. Furthermore, 
removal efficiency was attributed to electrostatic attraction between metal ion and magnetic 
nanoparticles (Es’haghi et al., 2016). 
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The advantage of using natural oils over other coating agents for the coating of MNPs is that the 
synthesis is environment friendly because the use of toxic and corrosive organic solvent is 
prevented (green chemistry), simple synthesis method and low cost. 
3.3.2.   Organic acids 
Surface modification of MNPs using citric acid was reported by Sahoo et al. (2005). In the study, 
citric acid showed adsorption to the surface of MNPs by coordinating through one or two 
functionalities of the carboxylate which leaves the surface of the coated NPs exposed to attack in 
the solvent with the other carboxylic acid group. The carboxylic acid group is responsible for the 
hydrophilicity and surface charge of the material. Furthermore, the citric acid coated 
nanoparticles was observed to be in the supermagnetic regime and showed saturation but no 
hysteresis with its magnetization measured at 300 k with an applied d.c magnetic field of up to 
10 000 G. The supermagnetic character is important for heavy metal removal and adsorbent 
separation from wastewater. From the experiment, the average particle size of the coated 
material was found to be very small between 10 - 12 nm when observed through TEM and 
because of the small size of the particle, their dispersion in aqueous medium will be very high 
and this should be of considerable value in wastewater treatment (Sahoo et al., 2005). Guardia et 
al. (2010) developed a novel method for the synthesis of MNPs in the presence of decanoic acid 
as the surface coating material with a tunable size of between 5 to 50 nm by modifying and 
varying the molar ratio of iron (I) acetylacetonate and decanoic acid. They reported that the size 
of the nanoparticle depended on the amount of iron (I) acetylacetonate and decanoic acid present 
in the reaction vessel. With higher concentration of the decanoic acid and lower concentration of 
the precursor, the particle size of the nanoparticle reduces while at the smallest concentration of 
the decanoic acid and higher concentration of iron (I) acetylacetonate precursor, the size of the 
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iron oxide synthesized was cubic and large. In other words, rapid coating of the nuclei of the 
MNPs by excess decanoic acid may prevent further growth of the nuclei thereby favouring 
stabilization and vice versa. 
3.3.3.   Polymers 
Surfaces of magnetic nanoparticles can be modified with polymers by two distinct ways. Firstly, 
through direct surface absorption or reaction with small molecules like silanes and secondly by 
grafting polymeric molecules via covalent interaction to the OH groups present on the particles 
(Kango et al., 2013). Polymers are covalently grafted on the surface of MNPs by two methods, 
grafting to method where an end functionalized polymers interact with an appropriate surface 
and the grafting from method where the polymer chains are developed from a self-assembled 
monolayer. Polymer coated MNPs have large surface areas and good skeletal strength and their 
simple physiochemical properties such as high dispersibility, functional group inclusion, in depth 
surface area and high size porosity can be suitably fine-tuned by altering the conditions and 
process of polymerization. Poly(methyl methacrylate) (PMMA) was grafted on MNPs by using a 
thiol-lactam initiated radical polymerization through the grafting from approach. The synthesis 
was achieved by first functionalizing the magnetic nanoparticles with (3-mercaptopropyl) 
trimethoxysilane to ensure MNPs-SH. With the polymer surface initialization method consisting 
of MNPs-SH and butyrolacytam, PMMA-g-MNPs was produced. Spectroscopic and microscopic 
analysis confirmed the surface functionalization of MNPs by PMMA (Bach et al., 2012). Poly 
(1-vinylimidazole) with a trimethoxysilyl terminal group has been reported to have been grafted 
onto the surface of a magnetic nanoparticle with siloxane bonds to afford a polymer surface 
active magnetic nanoparticle for the decontamination of wastewater for toxic metals. The 
polymer functionalized magnetite showed dispersion in water and in organic solvents such as 
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chloroform, ethanol and methanol. Also, the magnetite grafted polymer was found to be stable 
over a wide range of pH from 3.5 to 10.0. The particle was effective for the removal of copper 
ion from aqueous solution. This therefore indicates that an imidazolyl group on the chain of the 
polymer is effective for the attack of copper ions on the magnetic nanoparticles (Takafuji et al., 
2004). Also, polypyrrole-magnetite (PPy-Fe3O4) nanoparticle synthesized via in situ chemical 
polymerization method for the uptake of Cr(vi) from aqueous solution was reported by (Muthui, 
Onyango and Maity, 2013). Nanoparticle of PPy-Fe3O4 with increasing concentrations of Fe3O4 
was also synthesized. Adsorption kinetics result revealed that 96% Cr(vi) was removed from the 
aqueous solution given an uptake rate of 119 mg g
-1
 with only 4 g of the PPy-Fe3O4 
nanoparticles for an operation that only lasted for 3 hours. Consequently, with increasing amount 
of Fe3O4 concentration in the nanoadsorbent from 40.5% to 58.5%, the magnetic separation 
efficiency of the nanoadsorbent also increased from 81% - 98% and 66% - 84%. The PPy-Fe3O4 
nanoparticle was found to possess higher removal efficiency of Cr(vi) from aqueous solution 
than the bare Fe3O4. Polymer polyethylenimine (PEI) intercalated between sodium containing 
montmorillonite (MMT) layers were used to coat Fe3O4 MNPs for the uptake of Cr(vi) from 
aqueous solution at pH value of 2.0 (Larraza et al., 2012). El-kafrawy et al. (2016) reported the 
synthesis of a novel magnetic nano adsorbent containing Fe3O4 modified by grafting separately 
carboxy methyl β cyclodextrin (CM-β-CD) and poly(ethylene glycol) β cyclodextrin (PEG-β-
CD) for the removal Cu
2+
 and Pb
2+ 
from aqueous solution. Polymer modified, (PEG-β-CD) 
modified MNP was reported to be more efficient for the removal of  Cu
2+
 and Pb
2+
 than (CM-β-
CD) modified MNP and this was attributed to the property of the PEG chain towards metal 
affinity which is greater than the metal affinity of the carboxy methyl group (El-kafrawy et al., 
2016). 
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3.3.4.   Inorganic compounds 
The most commonly used inorganic surfactant for MNPs modification is silica. Silica modified 
MNPs have been reported to be a very important nanoparticle because the silica on the magnetic 
core enables reaction of the magnetic nanoparticle with coupling agents through the silanol 
group and also enhances the stability of magnetic nanoparticles in liquid dispersion by avoiding 
dipolar attractions and enhancing the surface charges that is, electrostatic repulsion between 
particles, it also protects nanoparticles in an environment with pH of less than 6 from leaching 
and do not give toxic by-products when they are used as materials for environmental remediation 
(Ulman, 1996). Silica coated MNPs have been used to derivatize MNPs with dithiocarbamate 
(DTC).  For instance, it has been reported that there is an excellent removal of Hg
2+
 (74%) from 
wastewater even at contaminated levels of below 50 µgL
-1 
for DTC surface functionalize 
nanoparticles compared to the non-derivatized silica coated nanoparticles (24%). This was made 
possible as a result of the chelate formed between DTC and Hg
2+
 aided by the silanol group on 
the silica surface coated magnetic nanoparticles (Girginova et al., 2010).  Gold is also a very 
good inorganic coating material for MNP because it protects the magnetic core from oxidation 
and can conjugate with other molecules or ligands since it forms a strong bond with sulfur 
thereby making them a candidate for environmental applications.  
Table 3. 2: Particle size of MNPs coated with surface active agents 
 Magnetic 
NPs 
Surface active agents Type of surface 
active agent 
Particle 
Size (nm) 
References 
CoFe2O4 Ricin oil Natural oil 12-21  (Gherca et al., 
2012) 
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Fe3O4 Citric acid Organic  10-12  (Sahoo et al., 
2005) 
NiFe2O4 Polyethylene glycol Polymer 25.6  (Sezgin et al., 
2013) 
CuFe2O4 Polyethylene glycol Polymer 11.3  (Sezgin et al., 
2013) 
CuFe2O4    -   - 20  (Tu et al., 2012) 
Fe3O4 Amorphous silica  Inorganic 216.9  (Kyzas and 
Deliyanni, 2013) 
Fe3O4 3-
aminopropyltriethoxysilane 
(APTES) 
Organic 8.6  (Mashhadizadeh, 
2012) 
 
3.4.   Adsorbing properties of MNPs 
MNPs have a high specific surface area resulting in a high adsorbing efficiency. The adsorbing 
efficiency is hugely dependent on the material’s particle size as a small particle size material 
result in high adsorption efficiency; this phenomenon is known as the nanosize effect 
(Mashhadizadeh, 2012). Because of their small sizes, they are able to attract a number of atoms 
to their surfaces, ensuring higher adsorption capacity. MNPs consist of two distinct sites; 
tetrahedral and octahedral sites and these two makes up their close-packed cubic geometry. The 
adsorbing properties of MNPs are controlled by any of these two sites by either adding magnetic 
or non-magnetic ions into these closed packed cubic sites (Kumar and Yun, 2016). Also, the 
adsorbing properties of MNPs are significantly influenced by their annealing temperature. 
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Materials will be favored to have a high sorption capacity if its annealing temperature is low 
(Gao et al., 2010).  
3.5.   Functionalized magnetic nanoparticles for pollutant removal 
There is a renewed interest in MNPs functionalization as a result of the ability of MNPs to form 
bonds with different terminal groups of various compounds especially ligands. Although, 
significant progress have been made in the removal of pollutant from aqueous solution using 
MNPs by incorporating it onto other nanomaterials. Magnetic nanocomposite materials 
consisting of two or more different nanomaterials have been recently employed for the 
purification of aqueous solution because of the advantage of allowing for improvement in the 
adsorbing properties of MNPs, manipulation of purification technologies, prevention of 
agglomeration and cost. Nanocomposite materials help to avoid the difficult task of properly 
coating the magnetic core without affecting or altering the properties of the bare magnetic 
nanoparticle and to prevent leaching of the surfactant material during separation. For instance, 
TiO2, with a very strong photocatalytic activity are incorporated into MNPs to improve the latter 
photocatalytic properties for their use in the removal of contaminants from aqueous solution. 
Nanocomposite materials are known to be very effective for the removal of contaminants from 
wastewater than the bare magnetic nanoparticles. Magnetic carbon nanotubes, magnetic titanium 
dioxide, titanium dioxide carbon nanotubes nanocomposites, graphene magnetic nanocomposites 
etc have all been reported for the removal of organic, inorganic and microbial contaminants from 
aqueous solutions (Oyetade et al., 2015; Ojemaye et al., 2017b). But difficulties such as low 
adsorption efficiency and reduced magnetic properties are some of the challenges encountered 
with these materials. 
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When functionalized via covalent linkage, ligand exchange, sulphanilization or click chemistry, 
MNPs can be tailored into removing pollutants and contaminants from wastewater. Synthesized 
ligands with great adsorbing functional groups or chelating properties can form bonds using their 
terminal group with coated or bare ferrites to remove inorganic and organic contaminants from 
aqueous solutions and with improved adsorption capacities. The prospect of ligand 
functionalization of MNPs enhances their adsorption capacities, aids easy adsorbent separation 
as well as preventing toxicity of the nanoparticles into the environment. Immobilization or 
coupling of ligands having multiple functionalities with MNPs such that it enhances their 
adsorption capabilities is understudied and more studies should be carried out to improve the 
adsorption capabilities of MNP. Functionalized nanosorbents enables an approach to target very 
minute contaminants in low concentrations and improves the movement of contaminants on its 
outer surface. For instance, magnetic functionalized amidoxime nanoparticles were synthesized 
via a simple co-precipitation method at 45 
o
C and applied for environmental sample. The 
nitrogen atom present on the amidoxime was responsible for the improved capability of the 
functionalized nanoparticles for the adsorption of contaminants from environmental sample (Atta 
et al., 2015).  
Thiol functionalized magnetic nanoparticles have also been reported to remove heavy metals 
from aqueous solution according to Yantasee et al. (2007). Dimercaptosuccinic acid (DMSA) 
surface functionalized magnetic nanoparticles were found to be very effective for the removal of 
As, Hg, Pb, Cd, Ag and Ti from aqueous solutions. The experiment showed that all metal bind 
effectively with the DMSA ligand while arsenic bind to the iron oxide. Also, magnetic 
nanoparticle was functionalized with mesoporous silica and further by aminopropyl functional 
groups for the removal of Cr(III) from aqueous solution (Egodawatte et al., 2015). The adsorbent 
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containing only mesoporous silica was found to exhibit a high adsorption capacity of 0.71 
mmol/g at pH 5.4 but when further functionalized with aminopropyl, the adsorption capacity 
increased to 2.08 mmol/g, The superior adsorption capacity observed in the aminopropyl 
functionalized magnetic nanoparticles was attributed to the coordination of Cr(III) with the 
amine functional groups coupled with the electrostatic effects of the silica surface.  
Three main strategies and approaches for the multi-functionalization of MNPs for use in 
wastewater purification are possible and these have engineered huge progress in the field of 
environmental nanotechnology. 
 Covalent bond formation 
Reaction of multifunctional ligands having reactive group with magnetic nanoparticles to afford 
a multi-functional magnetic nanoparticles is only possible if the nanoparticle contains either an 
amine group or a carboxylic group on its surface. For a nanoparticle with carboxylic group, the 
ligand must have an amine group available for bonding with an activated carboxylic group on the 
surface of the magnetic nanoparticle. The carboxylic group on the surface of the MNP is 
activated by the use of 1-ethyl-3-(dimethylaminopropyl)carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) (Figure 3.1). Conversely, a nanoparticle with amine group on its 
surface can form a covalent bond with a ligand having carboxylic reactive group, the ligand is 
first activated with EDC and NHS followed by its coupling with amine containing magnetic 
nanoparticle (Sun et al., 2015). EDC and NHS are used for carboxylic activation if the 
carboxylic acid containing compound is water soluble but for compounds insoluble in water, 
N,N’-dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine (DMAP) are used. For 
instance, a hydrophilic covalent functionalized iron oxide nanoparticle was synthesized by 
Herranz and coworkers (Herranz et al., 2012) via the oxidation of surfactant molecule. The 
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surfactant molecule oxidized here was oleic acid which is insoluble in water because of the 
presence of a double bond in its structure, the oxidation yielded an azelaic acid magnetic iron 
oxide nanoparticle which was then covalently linked with amino-glucose hydrochloride in the 
presence of EDC and NHS to produce a new magnetic iron oxide having a glucose molecule 
surface attachment. Ligands containing hydroxyl groups can also be reacted with a magnetic 
nanoparticle coated with carboxylic acid. Initially, the particle must be converted to an acid 
chloride by reacting with thionyl chloride in the presence of dimethylsulfoxide (DMSO) 
followed by the addition of the ligand in excess amount to afford an ester. 
Magnetic mesoporous silica nanocomposites covalently functionalized with pyrene based 
receptor and used to remove Hg(II) from aqueous solution was reported by Wang et al., (2012). 
The functionalized adsorbent showed high removal performance and convenience of Hg(II) in 
aqueous solution. Covalent coupling of the magnetic core and the pyrene receptor occurred via 
the inner surface of mesoporous silica magnetic nanocomposite. Sun et al., (2015) also reported 
the multifunctional decoration of magnetic Fe3O4-SiO2 with rhodamine B for the removal of 
Hg(II) from aqueous solution. The functionalized adsorbent was found to show a high 
performance in the removal of Hg(II) from wastewater. Furthermore, most recently in our group, 
we reported the covalent functionalization of MNPs coated with amine with a schiff base ligand 
containing –COOH terminal end using DCC and DMAP for the removal of Cu2+ from aqueous 
solution. The synthesized azomethine functionalized magnetic nanoparticles showed excellent 
removal capacity for the removal of Cu
2+
 from aqueous solution when compared to other 
materials previously reported. Also, the new material exhibited superior Cu
2+
 removal capacity 
than amine coated magnetic nanoparticles (Ojemaye et al., 2017a). The excellent adsorption 
capacity of azomethine functionalized magnetic nanoparticles was enhanced by the introduction 
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of –C=N, azomethine group to the surface of MNPs. The azomethine group, -C=N possesses 
good binding capabilities for metal ions.     
                  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
             Figure 3.1: Conjugation and covalent coupling of magnetic nanoparticles. 
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 Ligand exchange  
Ligands on the surface of nanoparticles can be exchanged for another so as to provide an 
improvement in the adsorption capacity and stability of the magnetic nanoparticles. Here, the 
new ligand coming in should have a very strong affinity for the magnetic nanoparticle so as to be 
able to sharply and effectively replace the molecule that was originally used to coat the MNPs, 
this new ligand binds more strongly to the surface of the inorganic nanoparticles, also in this 
approach, the incoming ligand is a bifunctional one using one of its functional group to bind to 
the particle surface and the other for further functionalization. This is most commonly employed 
for gold or silver magnetic nanoparticles using citrate or tetraoctylammonium bromide (TOAB). 
Sulfur-gold or silver bonds with a bond strength of around 200 kj mol
-1 
is the most used bond 
during ligand exchange because of this superior bond strength (Thanh and Green, 2010). The 
application of Cu(I)-catalyzed azide–alkyne cycloaddition (CuAAC) in the generation of MNPs 
using functionalized fatty acid monomers as stabilizers has been reported. Readily available 
MNPs coated with oleic acid and replaced with a triazolyl fatty acid by ligand exchange was 
adopted. The functionalized MNPs showed excellent superparamagnetic properties and form 
stable colloidal suspensions (Mrówczyński et al., 2012). Small molecule hydrophilic ligands 
were effectively employed to replace alkyl ligand on MNPs at a very short time. 4-
hydroxybenzoic acid (HBA), 3-(4-hydroxyphenyl)propionic acid (HPP), and gallic acid (GAL) 
were used to replace the alkyl group on the MNPs, characterization analysis indicate that ligand 
exchange truly occur on the MNPs and the new functionalized MNPs showed much more 
stability and dispersibility in polar, protic and organic solvents compared to the initial alkyl 
functionalized MNPs (Wang et al., 2014). Huang et al. (2016) prepared mercapto functionalized 
MNPs through solvent assisted ligand exchange under mild conditions in water for the removal 
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of Hg
2+
 from water. After the process of solvent assisted ligand exchange, the functionalized 
MNPs was observed to maintain its crystallinity, porosity and superparamagnetism and its 
absorption capacity for the removal of Hg
2+
 from water was excellently high (282 mg g
-1
) 
(Huang et al., 2016).   
 The advantage of this synthesis route over others is that the resulting functionalized magnetic 
nanoparticles exhibit excellent dispersibility and stability in aqueous solutions, easy to operate, 
simple and efficient route.  
 Click Reaction 
This is a reaction involving the cyclo chemical addition of Cu(i)-catalyzed terminal alkyne-azide 
(CuAAC) under a range of conditions with high efficiency and stereospecificity (Erathodiyil and 
Ying, 2011). Other click reactions are also known whereby molecules and functional materials 
are grafted on the surface of MNP, these include cycloadditions, Michael additions, thiol-yne and 
thiol-ene reactions (Tucker-schwartz et al., 2011). Although numerous reactions involving click 
reaction for MNP functionlization has been reported, little or none has been reported for 
application for water purification. This reaction has been known way back. It is a highly 
important reaction in the functionalization of magnetic nanoparticles because of its several 
advantages over the well reported covalent linkage and ligand exchange reactions but 
surprisingly, it has been under-utilized for the functionalization of magnetic nanoparticles for 
application in water purification. Among the many advantages of this reaction is that it can take 
place under a very mild condition avoiding high temperatures, the reaction gives product with a 
very high yield and do not give unwanted by-products (McCarthy and Weissleder, 2008). It 
involves mainly the Huisgen 1,3-dipolar cycloaddition of azides and alkynes to form 1,2,3-
triazoles. Kinge and coworkers reported the linking of supermagnetic nanoparticles to azide 
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terminated silicon oxide surfaces using click chemistry (Kinge et al., 2011). Alkyne 
functionalized FePt nanoparticles were used in their work and the interaction was found to be a 
covalent one. White et al. (2006) reported the exchange of oleic acid surface coated MNP with 
phosphonic acid and 5-hexynoic acid ligands without any change in particle size (White et al., 
2006). Namvari and Namavri, 2014 also reported the removal methylene blue and congo red 
from aqueous solution by using a nanohybrid obtained by clicking graphene oxide and azide 
surface modified MNP. FTIR and XPS analysis revealed the attachment of MNP onto graphene 
nanosheets. Adsorption studies indicated that high adsorption capacities of 109.5 and 98.8 mg g
-1
 
were obtained for methylene blue and congo red respectively (Namvari and Namazi, 2014). 
Chelating magnetic copolymer composite synthesized via click reaction was employed for the 
removal of heavy metal ions from aqueous solution. The surface functionality of polymer 
magnetic nanoparticle was tunned by clicking with propargyl alcohol via triazole end. The 
synthesized MNP was found to exhibit excellent adsorption capacity for Zn(ii), Cu(ii) and Ni(ii). 
This suggested that the surface functionalition by click reaction serves as a simple and 
convenient method for the synthesis of polymeric MNP for the removal heavy metals from 
aqueous solution (Lapwanit et al., 2016). 
3.6.   Toxicity of functionalized magnetic nanoparticles 
The advent of nanotechnology has brought about a great milestone in environmental remediation 
particularly water purification but nanomaterials employed for environmental clean ups may be 
hazardous to humans and aquatic lives. Due to the characteristic properties of magnetic 
nanoparticles such as small particle size and surface functionalities, they tend to possess the risk 
of transporting dangerous chemicals into the environment which might cause damages to 
sensitive human and aquatic organism organs. The level of toxicity of magnetic nanoparticles to 
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the environment is scarcely known and requires some level of understanding so as to properly 
guide on the usage of these materials for environmental remediation. For instance, the US 
Environmental Protection Agency reported that the inhalation of magnetic nanoparticles found in 
the atmosphere and environment directly into the brain is the cause of 60,000 deaths annually. 
This is so because of the very large surface area of magnetic nanoparticles which aids its affinity 
for hazardous metal ions and organic compounds (Moore, 2006). Also, a group of top 
researchers from University of California, San Diego, USA reported that neuron cells entered 
into latent state and did not respond to chemical stimuli when exposed to magnetic nanoparticles 
of size 10 nm and below (Bystrzejewska-Piotrowska et al., 2009). Although several works have 
reported the cytotoxic effects of magnetic nanoparticles, little has been known on the toxicity of 
functionalized magnetic nanoparticles in humans. Surface functionalization also influences the 
toxicity of magnetic nanoparticles as this affect agglomeration and aggregation of MNPs which 
in turn determines their toxicity and behavior in the environment (Bystrzejewska-Piotrowska et 
al., 2009). When the surface of magnetic nanoparticles is modified, it affects the size which in 
turn influences its toxicity as toxicity has been reported to be directly proportional to the size of 
nanoparticles. The extra coat on the outer part of magnetic nanoparticles causes them to be less 
toxic to humans and animals as majority of the compounds used to functionalize magnetic 
nanoparticles are not toxic on their own and when incorporated into magnetic nanoparticles, they 
are found to decrease their toxicity (Sears and Sears, 2013; Zhang et al., 2016). Comparison 
between the toxicity of functionalized MNPs and un-functionalized MNPs revealed that 
functionalized MNPs are less toxic than un-functionalized MNPs. For instance, the toxicity of 
dimercaptosuccinate functionalized MNP (DMSA-MNP) and bare MNP towards aquatic 
organisms revealed that DMSA-MNP is not responsible for the toxicity of aquatic animals and 
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that toxicity was observed to be caused by the interaction between MNP and aquatic organisms. 
The low colloidal stability of bare MNPs of the uncoated MNP was responsible for its toxicity 
unlike the DMSA functionalized MNP which exhibited a much higher colloidal stability. 
Conversely, the toxicity of bare and functionalized MNP towards microalgae was also reported 
by Toh et al. (2016). In their study they evaluated the effect of functionalizing MNP with 
poly(diallyldimethylammonium chloride) (PDDA) on the toxicity of microalgae. Uncoated MNP 
showed lesser toxicity compared to PDDA functionalized MNP and toxicity was enhanced by 
indirect light shading effect from the suspended nanoparticles that prevented the light from 
reaching the cell. His finding is in contrast with the findings of Zhang et al., (2016). It is 
therefore imperative to carefully select the coating material intended for surface functionalization 
as that is the key factor responsible for the toxicity of MNPs. The surfaces of MNPs are typically 
modified surface groups for improved stability and the presence of active surface groups has 
consequences for their fate and behavior in the ecosystem. Surface groups can make the 
nanomaterials hydrophilic or hydrophobic, lipophilic or lipophobic, positively or negatively 
charged. These properties can influence the interaction of MNPs with an organism and has 
therefore been suggested to impact on its toxicity.  
3.7.   Toxic effect of some functionalized magnetic nanoparticles 
Because magnetic nanoparticles are commonly employed for environmental application, there is 
every tendency for the leaching of the ligand molecules or coating material on the surface of the 
functionalized material as well as the MNPs into the environment. These ligands and MNPs 
cause bioaccumulation in the liver and sensitive organs of the body upon their release into the 
cells. And in vivo studies show that MNPs are ever present in cell organelles (Wang et al., 2007; 
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Liu et al., 2013) and this is evident from the symptoms of cell lysis, disturbing blood coagulation 
and inflammation exhibited by inhaling or ingesting functionalized MNPs (Zhu et al., 2008). 
Naqvi et al. (2010) reported that tween functionalized MNP of size 30 nm shows toxicity on 
murine macrophage cells. Their finding shows that low concentration of MNP of between 25-
200  microgram per milliliter after 2 hours exposure is more toxic to macrophage cells than 
higher concentrations of between 300-500 microgram per milliliter after 6 hours exposure (Naqvi 
et al., 2010). Furthermore, MNPs functionalized with 1-hydroxy-ethylidene-1,1-bisphosphonic 
acid of size 20 nm and concentration of 0.1 mg mL
-1
 showed 30% cell non-viability upon 
exposure to rat’s mesenchymal stem cells for 48 hours (Delcroix et al., 2008). 
Dextran and citric acid functionalized MNPs were employed for the toxic effect of human 
umbilical vein endothelial cells. The behaviour and function of human umbilical vein after 
exposure to these coated magnetic nanoparticles studied as a function of viability, cytoskeleton 
and function. It was observed that both dextran and citric acid MNPs contributed to the eventual 
cell death while there was a great disruption of the cytoskeletal structures. Also the ability of 
human umbilical vein endothelial cell to form vascular network reduced drastically upon 
exposure to MNPs (Wu et al., 2010). 
3.8.   Conclusion: Prospects 
From this report, it can be seen that surface coating and coating material types influences the 
properties of the magnetic nanoparticles, the distribution of the magnetic core size should be as 
small as possible, unique and highly dispersible because the overall size of the particles depend 
on the size of the core and the coating thickness. For the application of these particles for organic 
and inorganic matter remediation from wastewater, the magnetic and pollutant removal 
efficiency depends on the overall size of the particle. Surfactant molecules help to prevent 
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aggregation reduces particle size and enhances the adsorption performance of magnetic 
nanoparticles. Few exceptions exist where surface coating do not affect the size and contaminant 
removal performance of the MNPs upon coating of the material. For instance, the synthesis of 
magnetic nanoparticles using oleic acid as a surfactant was reported in which the size of a one 
pot synthesis was found to vary only slightly by 5% from the TEM and XRD images observed 
but when the oleic acid in this nanoparticle was replaced with either 5-hexynoic acid or 
phosphonic acid, the TEM images of the newly coated MNPs revealed that their size did not 
change upon ligand exchange which therefore underscore the effect of surfactants on the size of 
magnetic nanoparticles (Guardia et al., 2010). Also, on coating Fe2O3 nanoparticles with NO3, 
ClO4 and SO4, no significant change in the properties of the nanoparticles was observed and 
afterwards, their adsorption capabilities (Umut, 2013). Due to this and coupled with the fact that 
often, surface coating materials which help to stabilize and prevent particle aggregation and 
agglomeration in aqueous solutions reduces the adsorption performance of MNPs. To cater for 
this, researchers have made significant progress in the use of materials involving MNPs and one 
other or more nanomaterials with superior adsorption capabilities for pollutant removal from 
aqueous solutions. The use of nanocomposite samples involving two or more nanoparticles and 
their varying percentages has recently provided researchers an alternative to surface coatings, 
thereby preventing the difficulty of maintaining the properties of the magnetic core, size and the 
adsorption performance of magnetic nanoparticles in aqueous solutions often encountered with 
surface modified nanoparticles. Furthermore, composite samples show better adsorption capacity 
than surface modified MNPs. With this development, progress was made between 
nanotechnology and environmental remediation but this progress has been hampered by the 
difficulty in magnetically recovering the nanocomposites as composite material tends to leach 
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when applied to aqueous solutions due to the decrease in the magnetic properties of the 
composite compared to the bare magnetic adsorbent. Also, micromechanism and formation 
mechanism are some of the challenges encountered with composite samples. Accurate 
wholesome characterization techniques especially for the size of the particles of magnetic 
composite samples and synthesizing magnetic nanocomposites with uniform properties and 
similar performance is more importantly crucial. Recently, the introduction of synthesized 
ligands having nitrogen and sulfur functionalities onto the surface or walls through covalent 
bonding with either –COOH, NH2 or OH terminal group of the MNPs afford a good site for 
inorganic, organic and microbial capturing from aqueous solutions. Great prospect awaits the use 
of magnetic nanomaterials for pollutant removal from aqueous solution by designing and 
introducing functional and active sites to the outer part of magnetic nanoparticles using covalent 
linkage and click reaction as there is little or no work on the use of magnetic nanoadsorbents 
functionalized via these path ways in the removal of contaminants from aqueous solutions. More 
research should be conducted for the use of multidentate ligand functionalized magnetic 
nanoadsorbents for application in the area of environmental science. Also, the avoidance of 
functionalized magnetic nanoparticles toxicity reported by some authors will engineer greater 
application of this type of material in the field of water management. 
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Abstract 
In this report, a novel functionalized magnetic nanoparticles (MNP-Maph) synthesized via 
covalent grafting of 4-{[(E)-phenylmethylidene]amino}benzoic acid (Maph-COOH) onto the 
surface of amine functionalized magnetic nanoparticles (MNP-NH2) was characterized and 
assessed for the removal of heavy metal ion Cu
2+
 from aqueous solution by adsorption. To afford 
MNP-Maph, Maph-COOH was first synthesized and covalently linked to MNP-NH2. FTIR and 
XRD analysis showed that MNP-Maph was successfully synthesized while TEM and XRD 
results revealed that the average size of the synthesized particles were in the range of 18 ± 5 nm. 
Time-dependent adsorption studies conducted at pH 5 showed that Cu
2+
 removal by MNP-Maph 
attained equilibrium within 45 min at different initial adsorbate concentrations and favoured 
pseudo second-order kinetic model. MNP-Maph showed remarkable sorption uptake (qe) of Cu
2+
 
as adsorbate temperature increases from 293 to 318 K and Langmuir isotherm best describes the 
adsorption process. Thermodynamic study revealed the spontaneity and randomness of the 
adsorption process. Regenerability experiment indicates that MNP-Maph exhibit excellent 
adsorption/desorption efficiency and will be good for re-use. Importantly, MNP-Maph was found 
to effectively and selectively remove Cu
2+
 from domestic and industrial wastewater containing 
multiple ions and organic contaminants, suggesting that MNP-Maph can serve as a potential and 
promising adsorbent for the removal of Cu
2+
 from wastewater. 
4.0.   Introduction 
Copper is a very important metal as industries such as electroplating, metal finishing, fertilizer, 
paint and pigment, electrical and wood manufacturing industries employ it in their 
manufacturing processes. Also, copper is considered as a micronutrient essential for human 
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growth and development when consumed at low concentrations but at high concentrations, it is 
known to be harmful to aquatic and human life. Due to rapid industrial and population growth, 
wastewaters containing dangerous contaminants including Cu
2+
 are frequently discharged into 
fresh water bodies resulting into an adverse effect to living organisms. Although water scarcity is 
already a severe issue, the threat to the existence of man and organisms by persistent 
contamination of water is another major concern (Kuvarega et al., 2012).  
    The treatment of treated or untreated metal polluted effluents indiscriminately discharged into 
water bodies is even more challenging because of the persistence of metal ions for long periods 
in the environment (Mamba et al., 2010). It will be unfair not to mention that various 
technologies such as ion exchange (Volodina et al., 2005), membrane filtration (Samper et al., 
2010), liquid-liquid extraction (Msagati et al., 2008), reverse osmosis (Greenlee et al., 2009; Lee 
et al., 2011) and chemical precipitation (Barakat, 2011) have been utilized for the removal of 
Cu
2+
 from aqueous solutions, limitations such as sludge generation, discharge of secondary 
pollutants, difficulty in operation, high cost and high energy requirements are inherent with these 
techniques. To avoid these limitations, the removal of Cu
2+
 from aqueous solutions have been 
known to be reliable with adsorption technique (Abdel Salam, 2013) because adsorption is 
simple, cost effective, efficient, flexible in design and operation and has a huge potential for 
regenerating the adsorbents and metal ion.  
    Although, numerous materials as adsorbents have been reported including carbon nanotubes 
(Ma et al., 2012; Gupta and Saleh, 2013), lignocellulose (Bunhu and Tichagwa, 2012), 
functionalized polymers, porous inorganic materials (Singh and Polshettiwar, 2016), chisotan 
(Kyzas and Deliyanni, 2013), activated carbon etc but due to problems encountered such as 
difficulty of separation and regeneration, unsatisfactory adsorption capacity, high cost, absence 
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of enough active sites and generation of secondary pollutants, we see limitations to their usage, 
therefore, there is a dire need to develop a novel material with large active sites and surface area, 
ease of separation and recovery and good sorption ability. Magnetic nanoparticles (MNPs) have 
been used as adsorbents for Cu
2+
 removal (Anita et al., 2014) but composite samples involving 
MNPs and other nanomaterials have shown to increase the adsorption capacity of MNPs. For 
instance, composites such as MNP-CNTs, MNP-chisotan and MNP-graphene have been reported 
for the removal of Cu
2+
 from wastewater with good removal capacity (Zhou et al., 2009) but 
with reduced magnetic properties which makes their separation from aqueous solution often 
difficult. To further improve the removal efficiency of MNPs without affecting their magnetic 
properties, ligands containing azomethine group can be used as a surface active agent for MNPs, 
hence increasing the number of binding sites available for the adsorption of metal ions on the 
adsorbent.  
    Schiff base ligand, 4-{[(E)-phenylmethylidene]amino}benzoic acid is a compound containing 
azomethine functional group and forms stable complexes with transition metals through its 
carbon nitrogen double bond end. This azomethine functional group has strong affinity for 
metals and makes it possible for them to be used in different areas of science including biological 
and chemical sensing, medicine for magnetic resonance imaging etc (Raman et al., 2007; Biblesh 
and Devjani, 2012). Another area where this ligand can be used is in its application for water 
purification. 
    In this paper, we report on the synthesis of azomethine- functionalized MNPs (MNP-Maph) 
through the grafting of 4-{[(E)-phenylmethylidene]amino}benzoic acid (Maph-COOH) onto 
amino functionalized MNPs (MNP-NH2) by amide covalent coupling. The performance of this 
material for the adsorption of Cu
2+
 from aqueous solution was assessed through some batch 
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adsorption studies. In order to ascertain the optimum conditions required for the effective 
removal of Cu
2+
 from polluted wastewater, we varied the pH of the solution, contact time, 
adsorbent dose, temperature and initial metal concentration. Also, we examined the possible 
recycling of this adsorbent by carrying out desorption experiment. 
4.1.    Experimental 
4.1.1.   Materials 
Nickel (II) chloride (NiCl2.6H2O) and Iron (III) chloride (FeCl3.6H2O), absolute ethanol, 25 % 
ammonia solution, sodium hydroxide pellet and hydrochloric acid were purchased from Merck 
(Pty) Ltd, Gauteng, South Africa. Chemicals such as dicyclohexylcarbodiimide (DCC), 4-
aminobenzoic acid, tetraethyl orthosilicate (TEOS) and 3-aminopropyltriethoxylsilane (APTES) 
were purchased from Sigma Aldrich while 4-dimethylaminopyridine (DMAP) and benzaldehyde 
were purchased from SAAR chem and dimethylformamide (DMF) was purchased from BDH 
Limited, Poole, England.  Pure copper metal powder was purchased from Industrial Analytical 
(Pty) Ltd, South Africa. All chemicals and reagents were of analytical grade and used as received 
from suppliers without further purification. A bar magnet was used for the separation of 
magnetic adsorbents from aqueous solution. 
4.1.2.   Characterization  
Schiff base ligand, 4-{[(E)-phenylmethylidene]amino}benzoic acid was characterized by using 
elemental analysis, nuclear magnetic resonance (NMR), Fourier transform infrared (FTIR) 
spectroscopy and melting point measurements. Vario-Elemental Microcube ELIII was used to 
obtain the elemental composition of the ligand, 
1
H NMR and 
13
C spectra were obtained with a 
Bruker AVANCE 400 MHz NMR spectrometer in DMSO-d6, Perkin-Elmer Universal ATR 
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sampling accessory spectrum 100 FT-IR spectrometer was used to collect the IR spectra of the 
samples and melting point was determined by using Gallenhamp melting point apparatus. 
The characterization of the adsorbents was done using a Bruker D8 Advanced XRD, equipped 
with a proportional counter using Cu Kα radiation (λ = 1.5405 Ȧ, nickel filter). Scanning 
electron microscope (SEM) images were recorded using JOEL JSM-6390 LVSEM, samples 
were prepared by mounting the adsorbents on a stub using a carbon-double sided tape. The 
samples were coated with Au/Pd using the Eiko IB-3 ion coater for a much brighter and cleaner 
imaging, SEM was used to visualize the morphology of the adsorbents. Transmission electron 
microscope (TEM) was done to determine the shape and confirm the particle size of the material. 
The images were collected using JOEL 1210 transmission electron microscope at 100 kV 
accelerating voltage. Samples were prepared for TEM by placing adsorbent solution on the 
sample grid overnight so that it could dry before measurements. Fourier transform infrared 
(FTIR) spectroscopy was used to observe the vibrations of the adsorbents. Perkin-Elmer 
Universal ATR sampling accessory spectrum 100 FT-IR spectrometer was used to collect the IR 
spectra of the samples. Thermal gravimetric analyzer was used to determine the % of volatile 
compounds present in the samples, purity and thermal stability of the materials; Thermo-
gravimetric analysis (TGA) was performed using a Perkin Elmer TGA 4000 analyzer. The 
analysis was carried out under nitrogen at a flow rate of 20 mL min
-1
. The weighed sample 
masses were heated from 28 to 900 
o
C at a heating rate of 10 
o
C min
-1
. The magnetic property of 
the functionalized materials were quantified using a cryogen free physical measurement 
vibrating sample magnetometer (VSM) at a temperature range of 1.8 to 310 K with a magnetic 
system of 14 tesla. 
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4.1.3.   Determination of point of zero charge (pHpzc) 
Sodium chloride (NaCl) solution (40 cm
3
, 0.01 M) placed in bottles were adjusted to an initial 
pH range of 1-10 with the addition of either 0.1 M NaOH or HCl as appropriate. Adsorbent of 
mass 60 mg was added into each bottle and the suspension subjected to equilibrium using an 
orbital shaker (200 rpm) for 48 h at 20 
o
C. The adsorbents were magnetically separated and the 
final pH of the filtrate determined. The point of intersection of the curves obtained from the plot 
of pHinitial – pHfinal vs pHinitial gave the pHpzc of the adsorbent (Oyetade et al., 2015).  
4.1.4.   Synthesis of 4-{[(E)-phenylmethylidene]amino}benzoic acid (Maph-COOH) 
Maph-COOH was synthesized using the method of Kumar et al. (2013) with slight modification. 
In brief, 0.020 mol of 4-aminobenzoic acid in 20 cm
3
 of a mixture of ethanol and methanol (2:8 
v/v) was added to a solution of 0.20 mol of benzaldehyde previously dissolved in 20 cm
3
 of a 
mixture of ethanol and methanol (2:8) (Figure 4.1). To the reaction mixture, 2 drops of glacial 
acetic acid was added and refluxed for 10 h at 70 
o
C, the product was cooled to room 
temperature and left to age overnight. The product was collected via filtration and the off white 
crude was recrystallized in ethanol. (519.6 mg, 43%), m.pt.190-192 
o
C; IR (ATR, cm
-1
) 2950, 
1632, 1580, 1400, 1290, 830; 
1
H NMR (400 MHz, DMSO-d6) δ: 10.0, 8.7, 8.0, 7.6, 7.3, 6.5, 2.5 
and 
13
C NMR (400 MHz, DMSO-d6) δ: 162.45, 155.20, 136.40, 132.20, 131.06, 130.05, 129.22, 
121.86, 112.00, 40.22.  
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Figure 4. 1: Synthesis of 4-{[(E)-phenylmethylidene]amino}benzoic acid (Maph-COOH). 
4.1.5.    Preparation of magnetic nanoparticles (MNPs) 
Nickel ferrite magnetic nanoparticles were prepared by the co-precipitation method (Maaz et al., 
2007). Molar solutions of FeCl3.6H2O and NiCl2.6H2O in ratio 2:1 were prepared and 30 cm
3
 of 
each solution were mixed and stirred under nitrogen for 30 min. NaOH of 10 M was slowly 
added to the reacting mixture until the pH of the mixture attained 11. The temperature of the 
reaction mixture was taken up to 80 
o
C and the mixture was allowed to stir for another 3 h under 
an inert nitrogen condition. The large amount of precipitate generated was collected 
magnetically, washed twice with ethanol and severally with deionized water until the pH was 
about 7 and dried overnight at 80 
o
C. The dried powder was finally calcined in a furnace at 450 
o
C for 2 hours. 
4.1.6.   Preparation of silica coated magnetic nanoparticles (MNP-Si) 
Silica was used to coat MNPs surface as follows: A 300 mg of MNP placed in a 250 cm
3
 round 
bottom flask was dispersed in 40 cm
3 
solution of ethanol using a water bath ultrasonicator for 30 
min. Furthermore, 3 cm
3
 of tetraethoxysilane (TEOS) was added to the mixture and the pH of the 
reaction taken to 10 using ammonia. The mixture was stirred under nitrogen for 9 h followed by 
refluxing at 65 
o
C for 12 h. The resulting precipitate was collected by magnetic decantation after 
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washing severally with water and dried overnight at 80 
o
C followed by calcination at 450 
o
C for 
2 h. 
4.1.7.   Preparation of amine functionalized magnetic nanoparticles (MNP-NH2) 
Amine group (NH2) was introduced to the surface of silica coated MNPs by using APTES 
(Figure 4.2). In brief, silica coated MNPs (200 mg) in 40 cm
3
 of absolute ethanol were 
ultrasonicated for 20 min in order to form a homogeneous mixture. APTES (2 cm
3
) was added 
slowly and the mixture was refluxed under nitrogen at 70 
o
C for 10 h. The product obtained was 
magnetically separated, washed with distilled water and dried in an oven at 100 
o
C for 48 h 
(Osifeko et al., 2016). 
       
Figure 4. 2: Pathway for the synthesis of amino functionalized magnetic nanoparticles. 
4.1.8.   Preparation of 4-{[(E)-phenylmethylidene]amino}benzoic acid functionalized MNPs 
(MNP-Maph) 
4-{[(E)-phenylmethylidene]amino}benzoic acid (Maph-COOH) functionalized MNPs (MNP-
Maph) a novel nanomaterial was synthesized by covalent coupling of the carboxylic acid group 
of Maph-COOH with the amino group of MNP-NH2 (Figure 4.3). This was achieved according 
to the method previously reported in literature (Huang and Chen, 2009; Owolabi and Nyokong, 
2015) with some modifications. Maph-COOH (100 mg) in anhydrous DMF was stirred with 100 
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mg of DCC for 24 h at room temperature followed by the drop wise addition of MNP-NH2 (200 
mg) in anhydrous DMF and 70 mg of DMAP. The mixture was stirred further for 48 h and the 
crude product was collected via magnetic separation in ethanol to remove DMF and washed 
severally with distilled water to remove excess DCC and then dried in an oven at 100 
o
C for 48 
h. 
MNP-Maph
           
Maph-COOH
N
O
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+
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NH2 
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Figure 4. 3: Reaction pathway for the synthesis of azomethine functionalized magnetic    
nanoparticles (MNP-Maph). 
4.1.9.   Adsorbate preparation 
Pure copper metal powder (1.0 g) dissolved in 30 cm
3
 of 7 M nitric acid and made up to 1000 
cm
3 
mark with deionized water gave our stock solution. Working solutions were prepared from 
the stock solution by accurately diluting a proportion of the latter to obtain the desired 
concentrations. 
4.1.10.   Adsorption studies 
Adsorption studies were carried out through some series of batch adsorption experiment. Batch 
adsorption studies between adsorbents and Cu
2+
 was investigated by agitating 100 cm
3 
polypropylene plastic vials containing working solutions (100 mg dm
-3
, 20 cm
3
) freshly prepared 
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daily from the stock solution using a  thermostated oven shaker (200 rpm) at temperature of 20 
o
C and an adsorbent with a dose of 40 mg for 24 h. To obtain the desired pH, appropriate amount 
of 0.1 M of NaOH or HCl was used to adjust the pH of the solution. The adsorbents were 
separated from the solution after the required time interval by a permanent magnet and the 
concentration of Cu
2+
 in the filtrate determined by Thermo Fischer iCE 3500 flame atomic 
adsorption spectrophotometer (FAAS). Appendix I (Table A-I.3) gives the spectrophotometer 
condition for the determination of Cu
2+
 in aqueous solution. 
The pH, contact time, adsorbent dose, adsorbate concentration and temperature were varied in 
order to ascertain the optimum conditions necessary for Cu
2+
 removal from aqueous solution.  
The % adsorbed (adsorption efficiency) and qe (adsorption capacity) were calculated by using 
equations (4.1) and (4.2) respectively. 
                         
                            
                                                     
 
Ci and Ceq is the initial and equilibrium Cu
2+
 concentration in mg dm
-3
, qe is the adsorption 
capacity in mg g
-1
, m in mg is the mass of the adsorbent and V is the volume of the adsorbate 
solution used in dm
3
. 
4.1.10.1.   Kinetics, isotherm and thermodynamics studies 
Kinetic studies were performed by agitating 20 cm
3
 of Cu
2+
 solution (100 mg dm
-3
) with an 
adsorbent dose of 40 mg on a thermostated oven shaker at 20 
o
C for different time intervals 
ranging from 1 to 240 min. The solutions were conditioned to pH 5 by using 0.1 mol dm
-3
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HCl/NaOH. After the set time intervals, the samples were separated by using a magnet and the 
concentration of Cu
2+
 determined by AAS. The data obtained from this experiment were fitted to 
the pseudo-first order, pseudo-second order, intraparticle diffusion and Elovich kinetic models 
(Ho, 2006; Liu and Liu, 2008; Fuente-Cuesta et al., 2015). The equation for each model is given 
in Appendix I (Table A-I.1). 
Consequently, adsorption isotherms were studied by using different Cu
2+
 concentrations ranging 
from 10-100 mg dm
-3
, at a fixed pH of 5. Adsorbents dose of 40 mg were mixed with a 20 cm
3
 
part solution of Cu
2+
 and agitated on a thermostated oven shaker under different temperatures 
ranging from 293, 303, 313 and 318 K for 4 h. The solutions were magnetically separated and 
the concentration of Cu
2+
 in the filtrate determined by AAS. The experimental adsorption data 
were analyzed for Langmuir and Freundlich models (Auffan et al., 2008; Liu and Liu, 2008; 
Zolgharnein and Shahmoradi, 2010). The equation of the models is given in Appendix I (Table 
A-I.2). Change in Gibbs energy (∆Go), change in enthalpy (∆Ho) and change in entropy (∆So) 
representing thermodynamic parameters were also calculated from the data obtained from the 
temperature range studied. 
4.1.11.   Regenerability studies 
Regenerability studies were conducted by agitating 20 cm
3
 volume of 100 mg dm
-3
 Cu
2+
 solution 
and adsorbent dose of 40 mg for 6 h. The solution was magnetically separated and the Cu
2+
 
concentration in the solution after separation was determined. The loaded adsorbent obtained 
after magnetic separation was dried in an oven at 100 
o
C overnight and 30 mg weight of this 
adsorbent was agitated with 10 cm
3
 solution of a mixture of 0.1 mol dm
-3
 HNO3 and HCl for 1 h 
on a shaker at room temperature and the concentration of Cu
2+
 removed from the adsorbent was 
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then determined by using AAS.  This process was repeated 7 times to ascertain the reusability 
and stability of MNP-Maph towards Cu
2+
 removal. 
4.1.12.   Real wastewater sample analysis 
Nine water samples were collected at three different points (influent, after aeration and effluent 
points) from three different wastewater treatment plants in the Eastern Cape Province, (i) 
Adelaide (ii) Alice and (iii) Seymour. Their physicochemical parameters were recorded on site 
and their initial Cu
2+
 concentration were determined by using AAS. An aliquot of 20 cm
3
 of the 
water samples adjusted to pH 5.0 was agitated with 40 mg of MNP-Maph in polypropylene 
bottles at room temperature for 1 h. The solution was separated magnetically after agitation and 
the final concentration of Cu
2+
 in the supernatants was analyzed. By means of comparison, a 
simulated wastewater was also prepared and subjected to the same experimental conditions (such 
as time, pH, adsorbate’s concentration and adsorbent dose) as that of the real wastewater for 
Cu
2+
 removal. After adsorption, the percentage removal and adsorption capacity of Cu
2+
 
calculated by using equations (4.1) and (4.2), respectively for real wastewater were compared to 
that of the simulated water sample. 
 4.1.13.   Experimental data analysis 
Experimental data were fitted to the kinetic and isotherm models by means of a linear least 
square regression routine in the origin software statistical computing systems (Zolgharnein and 
Shahmoradi, 2010). The origin statistical software considers the adjustment of the regression 
coefficient square, R
2 
and the minimization of the residual sum of squares (RSS). The model with 
the highest R
2
 and the least RSS values was chosen to be adequate after a comparison of all R
2
 
and RSS values was done.  
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4.2.    Results and discussion 
The performance of the novel material was assessed for the adsorption of Cu
2+
 from aqueous 
solution using a series of adsorption studies. Before employing for adsorption, different 
techniques were employed for the characterization of the ligand and nanomaterials synthesized to 
determine their efficiency and capacity for Cu
2+
 removal. 
4.2.1. Synthesis of 4-{[(E)-phenylmethylidene]amino}benzoic acid (Maph-COOH) Ligand 
The formation of 4-{[(E)-phenylmethylidene]amino}benzoic acid was confirmed by the 
appearance of a very sharp azomethine adsorption band at 1580.23 cm
-1
 (C=N str) characteristic 
of schiff base ligands and (C-N str) at 1282.59 cm
-1
. The disappearance of NH2 and carbonyl CO 
peaks further affirms the condensation of amino group of 4-aminobenzoic acid with the carbonyl 
group of benzaldehyde. The FTIR spectra results were complimented by the 
1
HNMR spectra 
which show proton peak clearly seen at δ 8.5-7.9 ppm ascribed to an azomethine functional 
group, other proton peaks were consistent with the structure of the ligand. 
13
C NMR was further 
used for the verification of the product (Appendix I, Figure A-I.1). 
4.2.2. Synthesis and characterization of adsorbents 
The FTIR spectra of (a) MNPs (b) MNP-SiO2 (c) MNP-NH2 (d) Maph-COOH and (e) MNP-
Maph are presented in Figure 4.4. For the MNP, the peaks observed at 3600.68 cm
-1
 and 586.63 
cm
-1
 are ascribed to O-H str indicating the presence of water molecules and Fe-O str respectively 
characteristics of the FTIR spectra of magnetic nanoparticles (Bhat and Bhat, 2015; Malekpour 
and Khodadadi, 2016) (Figure 4.4a). The appearance of a band at 1056.48 cm
-1
 assigned to Si-O 
in Figure 4.4b confirms the introduction of silica to the surface of MNP.  For the MNP-NH2 
(Figure 4.4c) peaks observed around 3500 cm
-1
 for amine N-H str and a corresponding peak at 
1200 cm
-1
 ascribed to N-H bend are indication of the successful functionalization of silica MNP 
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with amine. For MNP-Maph (Figure 4.4e), the presence of new groups such as N-H str (3300 
cm
-1
), C=N str (1642 cm
-1
), C=O str (1596 cm
-1
), N-H bend (1500 cm
-1
), 794-30 cm
-1
 and 688.39 
cm
-1
 (indicating ϒ and δ Phenyl ring in-plane and out-plane deformation vibrations respectively) 
after covalent reaction was carried out confirm the successful functionalization of magnetic 
nanoparticles with the ligand. It is worthy of note that MNP-Maph (Figure 4.4e) showed similar 
pattern to that of the ligand (Figure 4.4d) and that the Fe-O peak was still preserved after the 
functionalization of the MNP with Maph-COOH (Chen et al., 2015; Sun et al., 2015).  
From Figure 4.5 (XRD diffractogram of adsobent), it was observed that the crystalline nature of 
the MNPs was retained in the novel material upon the formation of an amide bond between MNP 
amino group and the carboxylic end of the ligand with characteristics diffraction peaks at (220), 
(311), (400), (511) and (440) which is in agreement with the data for pure cubic MNP (Hong et 
al., 2015). Although, broader peaks between 2ϴ values of 18 to 30 ascribed to the Maph-COOH 
peaks were observed in the XRD pattern of MNP-Maph in Figure 4.5, the characteristics peaks 
of MNP were still preserved confirming the successful functionalization of the MNP with Maph-
COOH. The crystallite size of all synthesized magnetic nanoparticles obtained using scherrer 
formular with (311) diffraction peak revealed that the sizes of all synthesized nanoparticles are in 
the range of 15- 27 nm.  
Figure 4.6 shows the TEM images of (a) MNP (b) MNP-NH2 and (c) MNP-Maph.  It can be 
observed from Figure 4.6 that the particles barely aggregated and showed a very good dispersion 
with a spinel spherical shape characteristics of MNPs, the diameter of the MNP-Maph (Figure 
4.6c) was clearly larger than that of MNP-NH2 (Figure 4.6b). Also, Figure 4.6c shows that the 
spinel spherical shape of MNPs was preserved after functionalization with the azomethine ligand 
was carried out. MNP was observed to have an average size of 15.23 nm and upon 
97 
 
functionalization with amine, the size was observed to decrease. Further functionalization with 
Maph-COOH increases the average size of the magnetic nanoparticles which complements the 
result obtained from XRD analysis and this observation is similar to previously published reports 
(Feng et al., 2012; Wang et al., 2015).        
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Figure 4. 4: FTIR spectra of (a) MNP (b) MNP-Si (c) MNP-NH2 (d) Maph-COOH and (e) 
MNP-Maph. 
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          Figure 4. 5: XRD Patterns of MNP, MNP-NH2, Maph-COOH & MNP-Maph. 
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Figure 4. 6: TEM images of (a) MNP (b) MNP-NH2 and (C) MNP-Maph and their 
corresponding histograms. 
Figure 4.7 shows the SEM micrographs of (A) MNP (B) MNP-Si (C) MNP-NH2 and (D) MNP-
Maph magnetic nanoparticles. As can be seen from the micrographs, the functionalization of the 
MNP did not result in a significant change in the morphology and size distribution of the 
adsorbent. Also, the spherical shape of the adsorbent was preserved even after functionalization. 
Aggregation can be observed to be more evident in the micrograph of MNP (Figure 4.7A) which 
is characteristic of bare magnetic nanoparticles than in the coated or functionalized MNPs.   
TGA curves of MNP-NH2 and MNP-Maph at temperature range of 30 
o
C to 900 
o
C are presented 
in Figure 4.8. It was observed that MNP-NH2 had a total weight loss of 18.197 wt% and MNP-
Maph had a total weight loss of approximately 18.785 wt%. A weight loss observed at around 
3.469 wt% for MNP-NH2 and 1.107 wt% for MNP-Maph at temperatures below 100 and 120 
o
C 
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respectively are attributed to the presence of physically absorbed water in the samples. From the 
thermograms, it was clear that TEOS and APTES losses occurred between 100 and 350 
o
C, 
indicating that the content of TEOS and APTES in the samples was 6.904 wt% and 6.521 wt% 
for MNP-NH2 and MNP-Maph respectively, while a weight loss of about 7.8 wt% between 350 
to 600 
o
C and 450 to 620 
o
C for MNP-NH2 and MNP-Maph respectively was attributed to the 
decomposition of organosilicate framework involving Si-C and C-C bonding. Further 
comparison between the two thermograms confirmed the successful conjugation of Maph-COOH 
onto MNP with an observation of the thermal decomposition of Maph-COOH schiff base ligand 
between 400 - 450 
o
C and 620 - 870 
o
C with a total weight loss of 3.806 wt % in the thermogram 
of MNP-Maph, these decompositions were however not observed in the thermogram of MNP-
NH2 indicating that about 4 wt% of Maph-COOH ligand was successfully covalently grafted 
onto the surface of MNP. 
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Figure 4. 7: SEM micrographs of (A) MNP (B) MNP-Si (C) MNP-NH2 and (D) MNP-
Maph. 
The magnetization measurement of amine and Maph-COOH functionalized magnetic 
nanoparticles are presented in Figure 4.9. Both functionalized magnetic nanoparticles show no 
hysteresis at room temperature indicating their superparamagnetic property. From Figure 4.9 
inset, it is observed that functionalized magnetic nanoparticles can be separated from aqueous 
solution by means of an external magnet. This kind of magnetic property enables and enhances 
the separation of MNP-Maph from aqueous solution by means of a magnetic field. 
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             Figure 4. 8: Thermograms of functionalized magnetic nanoparticles. 
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Figure 4. 9: Magnetization measurement of MNP-NH2 and MNP-Maph and their 
separation processes with a bar magnet (inset). 
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4.2.3.   Batch adsorption processes 
4.2.3.1.   Effect of solution pH 
The pH of a solution is a major factor that influences the adsorption process because it 
determines the metal speciation, surface charge density and metal ionization degree. The 
performance of the synthesized adsorbents on the removal of Cu
2+
 was observed at different pH 
values ranging from 1 to 10. Lv et al., (2004) reported that Cu
2+
 exists freely at pH values less 
than 5 and its precipitation as a hydroxyl species occur at pH values above 5. 
The removal of Cu
2+
 was observed to increase as the pH of the solution increases (Figure 4.10). 
This is so because at pH values less than the pHpzc (Appendix I, Figure A-I.2), the surface charge 
of the adsorbent is positive as a result of a strong competition for active sites on the adsorbents 
between H
+
 and Cu
2+
 thereby causing a minimum removal of the contaminant from aqueous 
solution. A reduction in the H
+
 concentration of the solution at higher pH values allowed for 
ionic attraction between the active sites of the adsorbents and Cu
2+
. At pH values higher than the 
pHpzc, positive ion adsorption has been reported to be favoured (Chen et al., 2010), therefore, 
adsorption of Cu
2+
 was favourable at pH conditions higher than 5.8. It can be observed from 
Figure 4.10 that abrupt removal of Cu
2+
 occurred between pH 2 to 5 in both adsorbents, this is 
associated to the strong binding between Cu
2+
 and nitrogen donor atoms in the adsorbents as a 
result of an increase in the number of sites available for chelating within these pH values. Similar 
trend was reported for the adsorption of Cu
2+
 from aqueous solution by previous studies (Zhou et 
al., 2009; Yong-mei et al., 2010; Oyetade et al., 2016). Even though, 100% removal of Cu
2+ 
was 
observed at pH 7 in both adsorbents, subsequent studies were carried out at pH 5 so as to avoid 
the effect of Cu
2+ 
precipitation.
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Experimental data showing the effect of pH on the adsorption of Cu
2+
 by MNP-Maph can be 
found in Appendix I. 
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Figure 4. 10: Effect of pH on the adsorption of Cu
2+
 on MNP-NH2 and MNP-Maph.  
(conditions: 20 cm
3
 of 100 mg dm
-3
 Cu
2+
, 24 h contact time, 40 mg adsorbent dose, agitation 
speed of 200 rpm and at room temperature). 
4.2.3.2.   Effect of contact time 
Keeping the pH (5.0), and adsorbent dose (40 mg) fixed, the effect of contact time for the 
adsorption of Cu
2+
 at varying time intervals was examined at three different initial adsorbate 
concentrations. From Figure 4.11, it can be observed that the rate of adsorption increases with 
time and adsorption rate was noticeably rapid in the first 10 min and observed to reach 
equilibrium within 45 min for different initial adsorbate concentration. After this time, the 
adsorption rate was observed to remain constant with little or no further increase. The rapid 
adsorption observed at the initial stage indicates a strong interaction between the adsorbent and 
adsorbate as a result of the availability of more active sites on the adsorbent. This rapid 
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adsorption was noticed to be steady as the sites available for binding on the adsorbent was 
occupied. Therefore, for subsequent experiment in this study, the maximum contact time of 240 
min was maintained so as to ensure the complete removal of Cu
2+
 from aqueous solution at all 
conditions. Also, the amount of Cu
2+
 adsorbed onto the surface of the adsorbent increased as the 
initial concentration of Cu
2+
 in solution increases. This can be ascribed to the fact that adsorption 
process is favoured by an increase in the number of ion available for binding on the surface of 
adsorbents (Nassar, 2010). 
Experimental Data indicating the effect of time on the adsorption of Cu
2+
 by MNP-Maph are 
presented in Appendix I. 
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Figure 4. 11: Effect of time on the adsorption Cu
2+
 onto MNP-Maph for different initial 
adsorbate concentrations at pH 5.0, 200 rpm, 20 cm
3
 adsorbate, 40 mg adsorbent and 20 
o
C. 
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4.2.3.2.1.   Kinetics studies 
To better illustrate the mechanism of adsorption of Cu
2+
 onto MNP-Maph, adsorption kinetics 
was conducted to evaluate the adsorption behavior. Four kinetic models namely; pseudo-first 
order, pseudo-second order, elovich and intra-particle diffusion kinetic models were employed. 
Appendix I, Table A-I.2 show the equation of the models applied to the experimental data in this 
study. By fitting the experimental data obtained into the kinetic models using linear least square 
analysis, it was observed that the data best fit the pseudo-second order model in view of the 
higher regression coefficients (R
2
>0.999) and lower residual sum of square. Data showing the 
comparison of all models with their adjusted regression coefficient square, R
2
 and associated 
residual sum of squares (RSS) is given in Table 4.1 while the curves illustrating the comparison 
of all the kinetic models fitted for the adsorption of Cu
2+
 onto MNP-Maph are presented in 
Appendix I, Figure A-I.4. As can be seen (Table 4.1), the calculated qe values (qe (calc)) was 
very close to experimental qe values (qe (exp)) for pseudo-second order kinetic models in 
contrast to what was observed for the three other kinetic models seen to have a large deviation 
between qe (calc) and qe (exp.) Also, as the initial Cu
2+
 concentration increases, the rate constant 
decreases for pseudo-second order in sharp contrast to the result observed when the experimental 
data are fitted into the other kinetic models studied. These demonstrate that the adsorption of 
Cu
2+
 onto MNP-Maph obeyed pseudo-second order kinetic model and was less likely to be 
explained by either pseudo-first order, elovich or intraparticle diffusion models. The conclusion 
here is that chemisorption is the rate determining step in this study as a result of covalent or ionic 
bonding involving electrostatic attraction forces between azomethine groups and Cu
2+
. 
Therefore, the rate of adsorption of Cu
2+
 from aqueous solution by MNP-Maph was determined 
by a bimolecular interaction between the binding sites on the adsorbent and the adsorbate. 
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Results similar to this have been reported by Abdel Salam (2013); Mobasherpour et al., (2014); 
Yong-mei et al., (2010) for the removal of Cu
2+
 from aqueous solutions. 
Table 4. 1: Kinetic parameters for Cu
2+
 adsorption onto MNP-Maph using different models 
Kinetic models and parameters      Initial Cu
2+
concentration, Ci (mg dm
-3
) 
10 mg dm
-3
 50 mg dm
-3
 100 mg dm
-3
 
qe (exp.) (mg g
-1
) 5.15 24.87 51.82 
Pseudo first-order equation    
qe (calc.) (mg g
-1
) 2.28 6.17 14.02 
K1 (min
-1
) 0.059 0.076 0.046 
R
2
 0.741 0.865 0.951 
RSS 3.261 2.523 0.304 
Pseudo second-order equation    
qe (calc.) (mg g
-1
) 5.12 24.93 51.84 
K2 (min
-1
) 0.114 0.044 0.02 
R
2
 0.999 0.999 0.999 
RSS 1.578 0.004 0.003 
Elovich equation    
α (mg g-1 min-2) 2059.17 270784.88 8991.18 
β (g mg-1 min-1) 2.47    0.65 0.22 
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R
2
 0.966     0.938 0.984 
RSS 0.069     1.872 3.808 
Intra-particle diffusion equation   
Kintra (mg g
-1
 min
-1/2
) 0.220 0.837 2.423 
R
2
 0.847 0.790 0.837 
RSS 0.362 6.373 39.624 
RSS - residual sum of squares. 
4.2.3.3.   Effect of adsorbent amount 
Figure 4.12 shows that adsorption of Cu
2+
 by MNP-Maph is affected by the amount of adsorbent 
in solution. It was evident that adsorption of Cu
2+
 by MNP-Maph increased instantaneously to 
47.92 mg g
-1
 as the sorbent amount was increased up to 20 mg and decreases slowly as the 
adsorbent dose increased further beyond 35 mg. This behavior is attributed to the fact that as 
adsorbent dose increases, the number of sites on the surface of MNP-Maph available for 
adsorption of Cu
2+
 also increases resulting into an increase in percentage adsorption of Cu
2+
 and 
conversely causing aggregation of the surface of the adsorbent thereby decreasing the overall 
adsorbent surface area.  
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Figure 4. 12: Effect of adsorbent amount on the removal of Cu
2+
 from aqueous solution.  
(conditions: pH 5.0, 200 rpm, 20 cm
3
 of 100 mg dm
-3
 adsorbate solution, 20 
o
C for 4 h).                                                                                                     
4.2.3.4.   Effect of temperature  
Adsorbate temperature has shown to affect the adsorption capacity of an adsorbent (Khan et al., 
2012). The extent of adsorption of Cu
2+
 by MNP-Maph for different temperature intervals (293-
318 K) was studied (Figure 4.13). It was evident from this figure that as temperature increases, 
an increase in the adsorption capacity was observed and this result indicates that increased 
temperature enhances increased movement of Cu
2+
 thereby increasing the adsorption capacity. 
Khan et al. (2012) also reported that higher adsorbate temperature causes an increase in the rate 
of diffusion of metal ion and decreases the viscosity of the solution. 
Experimental data showing the adsorption of Cu
2+
 as a function temperature can be found in 
Appendix I. 
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4.2.3.4.1.   Adsorption isotherms  
Two commonly adopted isotherm models, Langmuir and Freudlich equations were used to 
determine the adsorption process of Cu
2+
 onto MNP-Maph over the temperature range of 293-
318 K. Langmuir assumes that adsorption occurs on a homogeneous surface by monolayer 
adsorption without interaction with adsorbed sites while the Freudlich isotherm equation 
assumes that the adsorption of Cu
2+
 onto MNP-Maph occurs on a heterogeneous surface by 
multilayer adsorption. The two isotherm equations and their parameters are given in Appendix I, 
Table A-I.3. Linear square analysis was used to fit the data and the lowest residual sum of 
squares (RSS) gave an indication of the model that fits the equilibrium data. The isotherm 
parameters obtained for the adsorption of Cu
2+
 onto MNP-Maph are presented in Table 4.2. The 
Langmuir model describes the experimental data better than the Freudlich model due to its lower 
RSS and higher correlation coefficients. The Langmuir constant, qm for Cu
2+
 onto MNP-Maph is 
close to the experimental value. The Langmuir maximum adsorption capacity (qm) increased 
from 34.08 to 48.24 mg g
-1
 as temperature increases indicating that the adsorption process is 
favoured by higher temperatures. In addition, in the Freudlich model, the n value was greater 
than 1 suggesting that Cu
2+
 adsorption onto MNP-Maph was a feasible adsorption process. 
Furthermore, the adsorption capacity of MNP-Maph for the removal of Cu
2+
 from aqueous 
solution was compared with the values obtained in previously published works for Cu
2+
 onto 
functionalized magnetic nanoparticles (Table 4.3). The results demonstrate that the qm value of 
48.24 mg g
-1
 obtained in this study shows better uptake than most of those obtained with many 
other functionalized magnetic nanoparticles. Therefore, the adsorption of Cu
2+
 onto MNP-Maph 
compare very positively with results obtained from previously published reports (Table 4.3). 
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Plots showing the fitting of the data into the two isotherm models are presented in Appendix I, 
Figure A-I.5. 
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Figure 4. 13: Effect of increasing temperature on the adsorption of Cu
2+
 at pH 5.0, 200 
rpm, 20 cm
3
 adsorbate, 40 mg adsorbent for 4 h. 
Table 4. 2: Isotherm parameters for the adsorption of Cu
2+
 onto MNP-Maph at different 
temperatures 
Isotherm models and 
parameter 
 
293 K 
       
303 K 313 K 318 K 
Langmuir     
qm (mg g
-1
) 34.08 37.40 38.49 48.24 
b (dm
3
 mg
-1
) 0.24 0.23 0.23 0.16 
R
2
 0.998 0.994 0.992 0.987 
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RSS 0.0021 0.0043 0.0057 0.0058 
Freudlich     
KF 8.00 8.02 8.01 7.94 
N 2.16 2.12  2.01 2.06 
R
2
 0.914 0.930 0.926 0.935 
RSS 0.231 0.195 0.213 0.190 
 
Table 4. 3: Comparison of Langmuir maximum adsorption capacity, qm for Cu
2+
 
adsorption onto MNP-Maph and other adsorbents 
Adsorbents           Conditions qm  (mg g
-1
) References 
Albumin- 
functionalized 
magnetic 
nanoparticle 
pH 5.50, 10 mgdm
-3
 adsorbate, 
303 K, 10 min. 
11.90 (Malekpour and 
Khodadadi, 2016) 
Amino-
functionalized 
magnetic 
nanoparticles 
pH 6.0, 50 cm
3
 of 10 mgdm
-3
 
adsorbate, 298 K, 5 mg 
adsorbent 6 h. 
25.77 (Yong-mei et al., 
2010) 
Amino-
functionalized 
pH 6.0, 25 cm
3
 adsorbate, 298 19.2 (Li et al., 2013) 
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magnetic 
nanoparticles 
K, 2.5 mg adsorbent 24 h. 
Β-cyclodextrin 
modified 
multiwalled carbon 
nanotube/iron oxide 
pH 5.5, 250 mgdm
-3
 adsorbate, 
298 K, 100 mg adsorbent, 48 
h. 
45.0 (Hu, Yang and Wang, 
2012) 
α-Fe2O3-MPTES pH 7.0, 240 mgdm
-3
 adsorbate, 
298 K, 200 mg adsorbent, 24 
h. 
25.9 (Wang and Chen, 
2012). 
Fe3O4-PAA-DETA pH 5.0, 5 cm
3
 of 600 mgdm
-3
 
adsorbate, 298 K, 103 mg 
adsorbent 24 h. 
12.43 (Huang and Chen, 
2009) 
 Fe3O4- EDTA pH 6.0, 6 mgdm
-3
 adsorbate, 
333 K, 5 mg adsorbent, 24 h. 
46.27 (Liu et al., 2013) 
Sulfonated magnetic 
graphene oxide 
composite 
 
pH 5.0, 5 cm
3
 of 0.18 mgdm
-3
 
adsorbate, 283.15 K, 103 mg 
adsorbent 6 h. 
50.68 (Hu et al., 2013) 
MNP-Maph pH 5.0, 20 cm
3
 of 100 mgdm
-3
 
adsorbate, 298 K, 40 mg 
34.08 This study 
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adsorbent 6 h. 
 
4.2.3.4.2.   Thermodynamic study  
For practical and real life application of an adsorption process, thermodynamic parameters 
should be significantly considered as the values or quantity of both entropy and energy 
determines what process will take place spontaneously or otherwise. The change in free energy 
∆Go, change in enthalpy ∆Ho and entropy change ∆So associated with the adsorption process 
were calculated by using equations (4.3) and (4.4). 
                                          
                              
 where R is the gas constant (8.314 J mol
-1
K
-1
), T is the absolute temperature in kelvin, K which 
is qe/Ce is the equilibrium constant at various temperatures, ∆S
o
 and ∆Ho are the intercept and 
slope of the graph of ln k against 1/T. Table 4.4 presents the values of ∆Go, ∆Ho and ∆So 
calculated by using the data obtained from the isotherms of the adsorption process.  
Table 4. 4: Thermodynamic parameters for the adsorption of Cu
2+
 onto MNP-Maph 
∆Ho (KJ mol-1) 
 
∆So (J mol-1 K-1) 
 
                        ∆Go (KJ mol-1) 
293 K 303 K 313 K 318 K 
   14.021           47.65 -0.636 -0.884 -9.136 -9.110 
 
The negative values of ∆Go suggested that adsorption of Cu2+ onto Maph-Maph proceeded 
spontaneously and as temperature increases, negative value of ∆Go also increases indicating that 
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adsorption favoured higher temperatures. Also, the positive value of ∆So suggested that during 
adsorption process, there was an increasing randomness between the adsorbent and adsorbate 
interface. An understanding of the mechanism of adsorption is provided by thermodynamic 
parameters. If ∆Go values are between 20 and 0 KJ mol-1 or ∆Ho values are between 21 and 20.9 
KJ mol
-1
 (Liu and Liu, 2008; Veličković et al., 2013), the process is considered physisorption. If 
∆Go values are within -80 and -400 KJ mol-1 and ∆Ho values are within 80 and 200 KJ mol-1, the 
process is considered chemisorptions. From our data, the calculated ∆Go and ∆Ho values show 
that the results obtained were greater than the supposed values for physisorption, but lesser than 
for chemisorption. This signifies that the adsorption process for Cu
2+
 onto MNP-Maph was a 
physico-chemical and random one.  
4.2.4. Regenerability experiments 
Regenerability experiment is useful to ascertain if the spent adsorbent can be reused especially as 
it concerns industrial application because reusability of an adsorbent reduces cost, secondary 
pollutants and enhances the availability of adsorbent.  
Desorption studies were conducted by agitating spent adsorbent with 10 cm
3 
of a mixture of 0.1 
mol dm
-3
 HNO3 and HCl in a thermostated shaker at room temperature for 1 h. The mixture was 
magnetically separated and the final concentration of Cu
2+
 determined. The result obtained 
shows that the spent adsorbent can be regenerated and reused with a high desorption efficiency 
of 81 %. Before desorption experiment was conducted, the spent adsorbent was characterized by 
means of SEM and TEM (Appendix I, Figure A-I.6). These were carried out to observe the 
changes in the shape, morphology and size distribution and confirm the presence of Cu
2+
 on the 
spent adsorbent. The result obtained showed increased agglomeration of the functionalized MNP 
(Figure A-I.6B) and more roughness on the surface of the spent adsorbent with large particles 
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(Figure A-I.6A). Figure 4.14 shows the % adsorption and desorption of Cu
2+
 after 7 cycles, it can 
be observed that novel adsorbent showed good regenerability capability thereby preventing the 
discharge of secondary pollutants into the environment. 
                   
Figure 4. 14: % adsorption and desorption of Cu
2+
 after 7 cycles.                      
4.2.5.   Analysis of real wastewater  
In order to ascertain the practical application of MNP-Maph for the treatment of real wastewater, 
nine samples from three different domestic and industrial wastewater with an average Cu
2+
 
concentration of 11 mg dm
-3
 were subjected to adsorption studies simultaneously with a 
simulated wastewater with similar Cu
2+
 concentration. The result obtained at optimum conditions 
indicates that real wastewater samples have an average adsorption efficiency of 85 % while the 
simulated water has an adsorption efficiency of 93 % (Appendix I). The presence of other 
competitive ions and organic contaminants jostling for binding with the active sites of MNP-
Maph along with Cu
2+
 may be the real cause for the low adsorption efficiency observed in the 
real wastewater samples. Chen et al. (2015) reported that the presence of competitive ions in real 
wastewater samples causes a reduction in adsorption efficiency of a target metal. Their result is 
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consistent with our observation. We therefore infer that although MNP-Maph adsorption 
efficiency for real wastewater was a little below that of simulated water, it still possesses high 
adsorption capacity to selectively remove Cu
2+
 from domestic and industrial wastewater 
containing different varieties of contaminants thus, affirming the potentials of MNP-Maph as a 
promising adsorbent for the removal of Cu
2+
 from wastewater. 
4.3.  Conclusions 
This study assessed the adsorption performance of azomethine functionalized magnetic 
nanoparticles (MNP-Maph), a novel nanoadsorbent for the removal of Cu
2+
 from aqueous 
solution. The Maph functionalized magnetic nanoparticles synthesized via the covalent coupling 
of 4-{[(E)-phenylmethylidene]amino}benzoic acid with amine functionalized magnetic 
nanoparticles in the presence of EDC and DCC showed good adsorption capacity (qm) of 34.08 
mg g
-1
 at 20 
O
C and obeyed Langmuir isotherm model indicating a monolayer adsorption 
process. Regenerability data illustrates that the novel adsorbent can be regenerated and reused. 
MNP-Maph showed remarkable sorption uptake of Cu
2+
 compared to materials previously 
reported in other studies. Therefore, this new adsorbent because of its high adsorption capacity 
can be a good substitute or promising material for the removal of toxic heavy metals from 
wastewater. 
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Abstract 
In this study, imine functionalized magnetic nanoparticles was employed to aqueous solutions 
for the uptake of Zn
2+
 and As
3+
. Factors affecting the uptake of metal ions in aqueous solution 
such as change in pH, time, adsorbent dose, adsorbate concentration and temperature were 
investigated to determine the optimal experimental condition for the effective adsorption of Zn
2+
 
and As
3+ 
from wastewater samples. The adsorption capacity of the MNP-Maph followed similar 
pattern as that of MNP-NH2 for the uptake of both metal ions from aqueous solution when 
solution pH was varied. Higher pH values (pH values greater than 6.0) favoured the uptake of 
Zn
2+
 and As
3+
 by using both adsorbents. Also, increasing the contact time and temperature 
yielded a higher uptake of Zn
2+
 and As
3+
. Both processes can best be described with pseudo-
second order kinetic model while the Langmuir maximum adsorption capacity (qm) for Zn
2+
 
increased from 35.83 to 54.53 mg g
-1
 and for As
3+
 from 50.08 to 57.60 mg g
-1
. Of note is that the 
qm of As
3+
 was higher than that of Zn
2+
 and thermodynamic parameters indicate that the 
adsorption processes were heat absorbing and rapid in nature. Experiments to evaluate if the 
adsorbent can be recycled showed excellent recyclability capacity of MNP-Maph after seven 
runs. Lastly, application of MNP-Maph for the uptake of Zn
2+
 and As
3+ 
from municipal 
wastewater samples showed remarkable sorption performance confirming the potential of imine 
functionalized magnetic nanoparticles as an excellent adsorbent for the uptake of metal ions from 
aqueous solutions. 
126 
 
 
5.0.   Introduction 
Magnetic nanoparticles (MNPs) are materials with large surface to volume ratio and high surface 
energies with unique magnetic, optical, thermal, catalytic and sorption properties making them 
good candidates for advanced nanotechnological applications (Machala et al., 2007). In order to 
reduce their surface energies, they undergo aggregation and a typical bare magnetic nanoparticle 
possesses a very high chemical activity and tends to oxidize in air thereby causing a decrease or 
loss in their magnetic and dispersibility characteristics. To prevent this decrease or loss in some 
of their properties, there is a need to coat the surface of MNPs and effectively protect it against 
instability. Many of the strategies adopted for the surface modification of MNPs include covalent 
(such as the grafting of or surface coating with organic molecules, including surfactants, small 
organic molecules, polymers and biomolecules) and non-covalent ones (such as coating with an 
inorganic layer, metal or non-metal). Other strategies involve the grafting of other nanomaterial 
types onto MNPs to afford composite materials. Most times, surface coating or functionalization 
not only stabilizes the magnetic core but also affords further functionalization (Wu et al., 2008; 
Mahdavi et al., 2013) thereby allowing the introduction of new functional groups such as –OH, -
COOH, -NH2, C=N, -NR, -SR, -F and -Cl onto the walls or sides of the MNPs.  
The use of chelating ligand, 4-{[(E)-phenylmethylidene]amino}benzoic acid (Maph-COOH) for 
the functionalization of MNPs so as to introduce imine functional group, CH=N onto the walls of 
MNPs has spring forth huge potential in the functionalization of MNPs for environmental 
applications. Although, the application of MNPs in various research areas cannot be 
overemphasized because of their intrinsic properties. Despite the vast works on MNPs and their 
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applications, more research still needs to be conducted on the functionalization of MNPs with 
multiple functional groups for the removal of contaminants from aqueous solution. 
Bidentate chelating ligand, 4-{[(E)-phenylmethylidene]amino}benzoic acid (Maph-COOH) 
consists of imine functional group, –CH=N and a terminal end -COOH group. In order to 
introduce imine functional group onto the surface of MNPs, the terminal –COOH can be bonded 
to an amine surface modified MNPs (MNP-NH2). Maph-COOH possesses high capability to 
form bonds with metal centers through one or more of its imine group. Even though a lot of 
research has been done on MNPs for the uptake of contaminants from aqueous solutions, to the 
best of our knowledge, no report on the functionalization of MNPs-NH2 with Maph-COOH for 
the efficient removal of Zn
2+
 and As
3+
 from aqueous solutions has been published. 
Among the environmental problems today is the proliferation of heavy metals to the environment 
(Ojemaye et al., 2017b). Sources of these heavy metals into the environment are mainly through 
the industries (such as metal plating, paint manufacturing, electric device manufacturing, mining 
etc). Zinc dominance in municipal and industrial water is essential in minute quantity for the 
growth and development of man. In as much as it is essential to man, it is also very harmful to 
human health especially when consumed at higher concentrations. When ingested into the body, 
zinc causes anemia, stunted growth and sometimes death (Fan et al., 2011). Similarly, arsenic is 
regarded as a very toxic heavy metal for aquatic bodies and food chain even at extremely low 
concentrations. Among the negative effects of exposure to arsenic include bladder cancer, kidney 
and lung issues, skin irritation and death (Mu and Palmero, 2005; Alizadeh and Rashedi, 2014). 
Different forms of arsenic exist and the oxidation state of any heavy metal largely determines its 
toxicity with As
3+
 been more toxic than any other forms of arsenic in aqueous solutions (Zeinali 
et al., 2016). 
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Because of the enormous treat posed by these toxic metals to the environment and human beings, 
it is imperative to give great attention to water treatment. Far thus, various techniques such as ion 
exchange (Kim and Benjamin, 2004; Volodina et al., 2005), coagulation (Agbaba et al., 2014), 
membrane separation (Visvanathan et al., 2016), reverse osmosis (Greenlee et al., 2009), 
chemical precipitation (Barakat, 2011), chemical oxidation (Ojemaye et al., 2017b) and 
adsorption (Karakaş et al., 2017) have been used for the removal of heavy metals from aqueous 
solutions but due to the simplicity in its operation, cost effectiveness, efficiency and potential to 
regenerate adsorbents, adsorption technique has shown to be the most reliable technique for the 
removal of metal ions from aqueous solutions.   In this view, several adsorbents such as carbon 
nanotubes (Veličković et al., 2013), activated carbon (Ho, 2006), bagasse (Hamza et al., 2013), 
lignocelluloses (Bunhu and Tichagwa, 2012), chisotan (Kyzas and Deliyanni, 2013; Caner et al., 
2015) etc have been reported for the removal of toxic ions from municipal and industrial 
effluents but noticeable drawbacks such as high cost, generation of secondary pollutants, 
difficulty of separation and low adsorption capacity are characteristics of these materials. 
In this paper, we investigate the removal of Zn
2+
 and As
3+ 
from aqueous solutions by adsorption 
onto imine functionalized magnetic nanoparticles (MNP-Maph) synthesized by the covalent 
bonding of 4-{[(E)-phenylmethylidene]amino}benzoic acid (Maph-COOH) with amine 
functionalized magnetic nanoparticles (MNP-NH2). Batch adsorption studies involving the effect 
of pH, time, adsorbent dose and temperature on the adsorption of Zn
2+
 and As
3+ 
from wastewater 
were also investigated. Also, recyclability study was also conducted to ascertain if Zn
2+
 and As
3+
 
can be desorbed from the adsorbent so as to minimize the discharge of secondary pollutant into 
the environment. Furthermore, the potential of imine functionalized magnetic nanoparticles for 
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the removal of Zn
2+
 and As
3+
 from real wastewater samples obtained from the Eastern Cape 
Region of South Africa was evaluated at optimized conditions. 
5.1.   Experimental 
5.1.1.   Chemicals and materials 
Nickel (II) chloride (NiCl2.6H2O) and Iron (III) chloride (FeCl3.6H2O), absolute ethanol, 25 % 
ammonia solution, sodium hydroxide pellet and hydrochloric acid were purchased from Merck 
(Pty) Ltd, Gauteng, South Africa. Chemicals such as dicyclohexylcarbodiimide (DCC), 4-
aminobenzoic acid, tetraethyl orthosilicate (TEOS) and 3-aminopropyltriethoxylsilane (APTES) 
were purchased from Sigma Aldrich while 4-dimethylaminopyridine (DMAP) and benzaldehyde 
were purchased from SAAR chem and dimethylformamide (DMF) was purchased from BDH 
Limited, Poole, England.  Pure zinc metal powder and arsenic (III) standard solution were 
purchased from Industrial Analytical (Pty) Ltd, South Africa. All materials purchased were of 
analytical grade and used without further purification. Separation of magnetic adsorbents from 
aqueous solution was achieved by using a bar magnet. 
5.1.2.   Synthesis of materials 
5.1.2.1.   Synthesis of 4-{[(E)-phenylmethylidene]amino}benzoic acid (Maph-COOH) 
Maph-COOH was synthesized using the method of (Kumar et al., 2013) with slight modification. 
4-aminobenzoic acid in (0.020 mol, 20 cm
3
) of a mixture of ethanol and methanol (2:8 v/v) was 
added to a solution of benzaldehyde (0.20 mol) previously dissolved in a mixture of ethanol and 
methanol (2:8) (20 cm
3
). Two drops of glacial acetic acid was added to the reacting mixture and 
refluxed at 70 
o
C for 10 h, the product was allowed to cool at room temperature and left to stay 
overnight. The product was separated by filtration and the off white powder was recrystallized in 
ethanol. (519.6 mg, 43%), m.pt.190-192 
o
C; IR (ATR, cm
-1
) 2950, 1632, 1580, 1400, 1290, 830; 
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1
H NMR (400 MHz, DMSO-d6) δ: 10.0, 8.7, 8.0, 7.6, 7.3, 6.5, 2.5 and 
13
C NMR (400 MHz, 
DMSO-d6) δ: 162.45, 155.20, 136.40, 132.20, 131.06, 130.05, 129.22, 121.86, 112.00, 40.22.  
5.1.2.2.   Synthesis of magnetic nanoparticles (MNPs) 
Magnetic nanoparticles (NiFe2O4) were prepared by the co-precipitation method (Maaz et al., 
2007; Knežević et al., 2013). Solutions of FeCl3.6H2O and NiCl2.6H2O in molar ratio 2:1 were 
prepared and 30 cm
3
 of each solution were mixed and stirred under nitrogen for 30 min. Sodium 
hydroxide (10 M) was slowly added to the reacting mixture to take the pH of the mixture to 11. 
The temperature of the reaction mixture was taken up to 80 
o
C and this mixture was stirred for 3 
h more under an inert condition. The precipitate generated was collected magnetically, washed 
two times with ethanol and severally with deionized water until the pH was neutral and dried 
overnight at 80 
o
C. Finally, the dried powder was calcined at 450 
o
C for 2 hours. 
5.1.2.3.   Synthesis of silica coated magnetic nanoparticles (MNP-Si) 
MNPs surface was coated with silica as follows: MNP (300 mg) was placed in a 250 cm
3
 round 
bottom flask and dispersed in ethanol (40 cm
3
) by using a water bath ultrasonicator for 30 min. 
Furthermore, tetraethoxysilane (TEOS) (3 cm
3
) was added to the mixture and aqueous ammonia 
solution was used to take the pH of the reaction to 10. This mixture was continuously stirred 
under nitrogen for 9 h and refluxed at 65 
o
C overnight. The precipitate obtained was collected by 
magnetically after severally washing with water and dried for 12 h at 80 
o
C followed by 
calcination at a temperature of 450 
o
C within 2 h (Kneževi, 2014). 
5.1.2.4.   Synthesis of amine functionalized magnetic nanoparticles (MNP-NH2) 
In brief, 200 mg of silica coated MNPs dissolved in absolute ethanol (40 cm
3
) were 
ultrasonicated for 20 min in order to obtain a homogeneous mixture. Slowly added to this 
mixture was 2 cm
3
 of APTES and the mixture was allowed to reflux under an inert condition at 
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70 
o
C for 10 h. The dark brown crude obtained was separated, washed severally with distilled 
water and dried in an oven for 2 days at 100 
o
C (Melnyk et al., 2016). 
5.1.2.5.   Synthesis of imine functionalized MNPs (MNP-Maph) 
Functionalization of MNP-NH2 with 4-{[(E)-phenylmethylidene]amino}benzoic acid (Maph-
COOH) to afford imine functionalized MNPs (MNP-Maph), a novel nanomaterial was achieved 
by covalent bonding of the carboxylic acid group of Maph-COOH with the amino group of 
MNP-NH2 (Huang and Chen, 2009; Bolley et al., 2013). 100 mg of Maph-COOH previously 
dissolved in anhydrous DMF was stirred with DCC (100 mg) for 24 h at 20 
o
C. Solution of 200 
mg MNP-NH2 in DMF (anhydrous) and 70 mg of DMAP was added drop wise into the mixture. 
The suspension was further stirred for 48 h and the product obtained was collected via magnetic 
means in absolute ethanol to remove DMF and washed three times with deionized water to 
remove DCC residues and then oven dried for 2 days at 100 
o
C. 
5.1.3. Metal ion determination 
A Thermo Fischer iCE 3500 flame atomic adsorption spectrophotometer (FAAS) was employed 
for the determination of the initial and final concentrations of Zn
2+
 and As
3+
 in solution. 
The operating conditions of FAAS for Zn
2+
 and As
3+
 detection can be found in Appendix II 
(Table A-II.1). 
5.1.3.1.   Adsorbate preparation 
Pure zinc metal powder (1.0 g) dissolved in 25 cm
3
 of 5 M nitric acid and made up to 1000 cm
3 
mark with deionized water and arsenic standard solution purchased from the supplier resulted to 
give our stock solutions. Working solutions were prepared from the different stock solutions by 
correctly diluting an aliquot of the latter to obtain the desired concentrations. 
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5.1.4.   Adsorption Experiment 
The effect of pH, contact time, adsorbent dose, adsorbate concentration and temperature was 
assessed through some batch adsorption experiments involving the sorption of Zn
2+
 and As
3+
 
onto MNP-Maph. In order to determine the optimum conditions for the removal of Zn
2+
 and As
3+
 
from aqueous solutions, the various experimental conditions were carefully studied.  
Adsorption studies between adsorbent and Zn
2+
 and As
3+
 were investigated by agitating 100 cm
3 
polypropylene plastic vials containing 20 cm
3
 100 mg dm
-3
 working solutions of Zn
2+
 and As
3+
 
freshly prepared daily from their stock solutions using a thermostated shaker (200 rpm) at 20 
o
C 
and an adsorbent dose of 40 mg for 24 h. Appropriate amount of 0.1 M of NaOH or HCl was 
used to adjust the solutions so as to attain the desired solution pH. The adsorbent was 
magnetically separated from the solution after the required time interval and the concentration of 
metal ions in solution determined by using Thermo Fischer iCE 3500 flame atomic adsorption 
spectrophotometer (FAAS).  The % adsorbed (adsorption efficiency) and qe (adsorption 
capacity) of Zn
2+
 and As
3+
 were calculated by using equations (5.1) and (5.2) respectively. 
                         
 
                                                        
 
     where Ci and Ceq is the initial and equilibrium Zn
2+
 and As
3+
 concentration in mg dm
-3
, qe is 
the adsorption capacity in mg g
-1
, m in mg is the mass of the adsorbent and V is the volume of the 
adsorbate solution used in dm
3
. 
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5.1.4.1.   Kinetics, isotherm and thermodynamics studies 
Kinetic studies were conducted by agitating 20 cm
3
 100 mg dm
-3
 of Zn
2+
 and As
3+
 solution with 
an adsorbent amount of 40 mg on a thermostated shaker at 20 
o
C for different time intervals 
ranging from 1 to 240 min. The solutions were adjusted to pH 5 and 6 for Zn
2+
 and As
3+
 
respectively by using 0.1 molar HCl/NaOH. After attaining the set time, the samples were 
separated magnetically and the concentrations of Zn
2+
 and As
3+
 were determined by FAAS. 
Kinetic models such as pseudo-first order, pseudo-second order, intraparticle diffusion and 
Elovich kinetic models (Ho, 2006; Liu and Liu, 2008; Fuente-Cuesta et al., 2015) were used to 
determine the process which the experimental data obeyed. Table 5.1 shows the equation for 
each model. 
Similarly, isotherms experiment were studied by using different Zn
2+
 and As
3+
 concentrations 
ranging from 10-100 mg dm
-3
, at a fixed pH of 5 and 6 respectively. Adsorbents dose of 40 mg 
were agitated with a 20 cm
3
 aliquot of Zn
2+
 and As
3+
 on a thermostated oven shaker at 
temperature ranges of 293, 303, 313 and 318 K for 4 h. The solutions were separated 
magnetically and the concentration of Zn
2+
 and As
3+
 in the filtrate determined by using AAS. 
The experimental adsorption data were fitted into two isotherm models; Langmuir and 
Freundlich models (Auffan et al., 2008; Liu and Liu, 2008; Zolgharnein and Shahmoradi, 2010). 
Table 5.2 shows the equations of the models. Also, thermodynamic parameters such as change in 
Gibbs energy (∆Go), change in enthalpy (∆Ho) and change in entropy (∆So) were calculated from 
the data obtained from the effect of temperature. 
Table 5. 1: Kinetic models investigated for the adsorption of Zn
2+
 and As
3+
 
Kinetics model                  Equation     Parameters References 
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Pseudo-first order   
 
       qe,  k1 (Fuente-Cuesta et al., 
2015) 
Pseudo-second order 
 
 
       qe, k2 (Fuente-Cuesta et al., 
2015) 
Elovich             α, β (Liu and Liu, 2008) 
Intraparticle 
diffusion 
 
         kid, l (Ho and McKay, 
2000) 
qt, amount of adsorbate adsorbed at time t (mg g
-1
); qe, amount of adsorbate adsorbed at 
equilibrium (mg g
-1
); α, adsorption rate constant (mg g-1 min-1); β, desorption rate constant (g 
mg
-1
); k1, pseudo-first order rate constant (min
-1
); k2, pseudo-second order rate constant (g mg
-1
 
min-1); kid, intraparticle diffusion rate constant (mg g
-1
 min
0.5
); l= boundary layer thickness 
constant (mg g
-1
). 
Table 5. 2: Isotherm models investigated for the adsorption of Zn
2+
 and As
3+
 
Isotherm model                        Equation     Parameters References 
Langmuir 
 
       qm,  b (Liu and Liu, 2008; 
Zolgharnein and 
Shahmoradi, 2010) 
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Freudlich 
 
       n, KF (Auffan et al., 2008) 
qeq = adsorption capacity (mg g
-1
); Ceq = concentration of adsorbate in solution at equilibrium ( 
mg dm
-3
); qm = maximum monolayer capacity (mg g
-1
); b, Langmuir isotherm constant (dm
3
 mg
-
1
); KF, Freudlich isotherm constant (mg g
-1
)(dm
3
 mg
-1
); n = adsorption intensity. 
5.1.5.   Recyclability studies 
Recyclability studies were conducted by agitating 20 cm
3
 volume of 100 mg dm
-3
 solution of 
Zn
2+
 and As
3+
 and adsorbent dose of 40 mg for 6 h. The solutions were magnetically separated 
and Zn
2+
 and As
3+
 concentrations in solution after separation were determined. The spent 
adsorbents obtained after magnetic separation were dried in an oven at 100 
o
C for 12 h and 30 
mg of this adsorbent was agitated with 10 cm
3
 solution of a 5:5 mixture of 0.1 mol dm
-3
 HNO3 
and HCl for 1 h on a shaker at room temperature and the concentrations of Zn
2+
 and As
3+
 
removed from the adsorbent were then determined by using FAAS.  This process was allowed to 
undergo 7 cycles to ascertain the stability of MNP-Maph towards Zn
2+
 and As
3+
 removal from 
aqueous solutions. 
5.1.6.   Real sample analysis 
At two different wastewater treatment plants in the Eastern Cape Province, five water samples 
were collected. Physicochemical parameters of the sampled wastewater were recorded on site 
and on arrival into our laboratory; the samples were processed for analysis of their initial Zn
2+
 
and As
3+
 concentrations. An aliquot of 20 cm
3
 of the water samples adjusted to pH 6.7 and 6.0 
for Zn
2+
 and As
3+
 respectively was agitated with 40 mg of adsorbent in polypropylene bottles at 
20 
o
C for 60 min. After shaking by means of a thermostated orbital shaker, the solutions were 
magnetically separated and the final concentrations of Zn
2+
 and As
3+ 
in the filtrate were 
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analyzed. To compare the performance of the adsorbent for Zn
2+
 and As
3+ 
removal in real 
wastewater and simulated water, a wastewater deliberately contaminated with the metal ions 
were also prepared and subjected to the same experimental conditions as that of the real 
wastewater. After adsorption, the percentage removal and adsorption capacity of Zn
2+
 and As
3+ 
calculated by using equation (5.1) and (5.2), respectively for real wastewater were compared to 
that of the simulated water sample. 
5.1.7.   Statistical analysis 
Linear least square regression routine in the origin software statistical computing systems was 
used to fit the experimental data into the kinetic and isotherm models (Zolgharnein and 
Shahmoradi, 2010). The origin statistical software considers the adjustment of the regression 
coefficient square, R
2 
and the minimization of the residual sum of squares (RSS). The model with 
the highest R
2
 and the least RSS values was chosen to be adequate after a comparison of all R
2
 
and RSS values was done.  
5.2.   Results and discussion 
5.2.1.   Characterization of adsorbents 
The characterization of adsorbents prepared (MNP-NH2 and MNP-Maph) have been reported in 
our previous work (Ojemaye et al., 2017a). Worthy of note is the appearance of the crystalline 
and carbon peaks of Maph-COOH between 2ϴ values of 25 and 43 in the XRD pattern of MNP-
Maph, these peaks are obviously missing in the diffraction pattern of bare magnetic nanoparticles 
and amine functionalized magnetic nanoparticles. Also, TEM images indicate that the spherical 
shape of MNPs was still maintained after the introduction of Maph-COOH onto MNP-NH2. 
Furthermore, magnetic property measurement of MNP-Maph did not show any hesteresis and 
revealed that Maph-COOH incorporation onto MNP-NH2 had little or no effect on the 
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paramagnetic property of the azomethine functionalized magnetic nanoparticles (Ojemaye et al., 
2017a).  
5.2.2.   Adsorption experiments 
The best adsorption condition for the removal of Zn
2+
 and As
3+ 
from solution was determined as 
a function of solution pH, time, temperature and adsorbent dose. The data were fitted into 
various kinetic and isotherm adsorption models so as to reveal the kind of adsorption process 
involved.   
5.2.2.1.   Effect of pH 
Figure 5.1 shows the effect of solution pH on the adsorption of Zn
2+
 and As
3+
 from aqueous 
solutions. This was carried out over a pH range of 1-10 using MNP-NH2 and MNP-Maph and it 
is important because it determines the metal speciation and the degree of metal ionization along 
with the surface charge density of the adsorbent.                          
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Figure 5. 1: Effect of pH on the adsorption of (A) Zn
2+
 and (B) As
3+
 from aqueous solution 
by MNP-Maph (conditions: 24 h contact time, adsorbent dose: 40 mg, temperature: 20 
o
C, 
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adsorbate concentration: 100 mg dm
-3
, adsorbate amount: 20 cm
3
 and 200 rpm agitation 
speed). 
 
  
Figures 5.1A and B show that uptake of Zn
2+
 and As
3+
 are pH dependent. It can be observed that 
at low pH values, the uptake of Zn
2+
 and As
3+
 was low as a result of the presence of other 
positively charged ions in solution competing for adsorption on the surface of the adsorbent. 
However an increase in the uptake of divalent and trivalent ions was observed as the solution pH 
increases.  
Interestingly, MNP-NH2 and MNP-Maph showed similar pattern in the adsorption of Zn
2+
 and 
As
3+
 from aqueous solution as pH increases from 1 to 10. Of note is that MNP-Maph showed 
greater adsorption capacity than MNP-NH2 across all pH values. About 75% and 83% of Zn
2+
 
and As
3+
 removal were obtained at pH values 10 and 8 respectively by MNP-Maph and this 
could be seen to be lesser with respect to MNP-NH2. Further adsorption experiments were 
conducted at pH 6.7 and 6.0 for Zn
2+
 and As
3+
 respectively as precipitation of divalent and 
trivalent ions occurs at pH values higher than these (Luther et al., 2012; Hamza et al., 2013) 
which may lead to higher adsorption efficiency at alkaline conditions. Similar result for the 
dependence of the uptake of Zn
2+
 and As
3+
 from solution on the pH of the solution has been 
reported (Luther et al., 2012; Fakour and Lin, 2014).   
Data for the effect of pH on the uptake of Zn
2+
 and As
3+
 from aqueous solution can be found in 
Appendix II. 
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5.2.2.2.   Effect of time 
Figure 5.2 shows the effect of time on the uptake of Zn
2+
 and As
3+
 from aqueous solution by 
MNP-Maph. Keeping the pH, adsorbent dose, agitation speed and temperature fixed, the 
dependence of the adsorption of Zn
2+
 and As
3+ 
from aqueous solution was assessed at three 
different initial divalent and trivalent ions concentrations. In Figure 5.2A, it can be observed that 
the uptake of Zn
2+
 was rapid within the first 10 minutes and became stable just after 60 minutes 
across all initial adsorbate concentrations, this observation can be attributed to the availability of 
binding sites on the adsorbent within the first few minutes of subjecting the adsorbate to 
adsorption. Similar trend has been reported in previously conducted experiments on the uptake of 
Zn
2+
 by magnetic nanoparticles (Fan et al., 2011).   
In the case of As
3+
 (Figure 5.2B), adsorption showed entirely different behavior. Adsorption-
desorption was observed within the first 5 minutes of agitating the adsorbent and adsorbate, this 
is as a result of the rate of desorption of As
3+
 in which there is enough time by As
3+
 for 
desorption and exchange of ion with other ions. This is considered as an important factor for the 
fluctuation in the adsorption efficiency. Malekpour and Khodadadi (2016) reported a trend 
similar to the one observed for As
3+
 in this study. After this time, the uptake the trivalent ion was 
observed to be stable and at equilibrium. 
Data for the effect of time on the uptake of Zn
2+
 and As
3+
 from aqueous solution can be found in 
Appendix II. 
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Figure 5. 2: Effect of time on the adsorption of (A) Zn
2+
 and (B) As
3+
 from aqueous solution 
by MNP-Maph at pH 6.7 and 6.0 respectively (conditions: temperature: 20 
o
C, adsorbent 
dose: 40 mg, adsorbate amount: 20 cm
3
 and 200 rpm agitation speed). 
5.2.2.2.1.   Kinetic Study 
This is another important parameter in wastewater treatment processes as it helps to provide 
detailed knowledge of adsorption process. The data obtained from the variation in the contact 
time for adsorption between MNP-Maph and heavy metals ions were fitted into kinetic models. 
Four different kinetic models; pseudo-first order, pseudo-second order, elovich and intraparticle 
diffusion models were applied on the data from this study (Table 5.1). The experimental data 
obtained in this study for Zn
2+
 and As
3+ 
best fit the pseudo-second order kinetic model going by 
the values obtained for the coefficient of regression, R
2
 and that of the residual sum of squares 
(RSS) (Table 5.3). Table 5.3 shows the data for the comparison of all the four models with their 
R
2
 values and associated residual sum of squares (RSS) and Figures A-II.1 and A-II.2 (Appendix 
II) show the curves for the comparison of all kinetic models for Zn
2+
 and As
3+ 
removal from 
aqueous solutions.  
141 
 
As can be seen in Figures A-II.1 and A-II.2, a plot of time t and t/qt gave a good linear fit and a 
coefficient of regression of 0.999 and 0.903 for Zn
2+
 and As
3+
 respectively unlike the other plots 
from the other models. Also, the values obtained for the experimental qe values (qe (exp)) is close 
to the values obtained from the calculated qe values (qe (cal)) for pseudo second order kinetic 
models. Similarly, the rate constant of pseudo-second order kinetic model decreased with an 
increasing initial adsorbate concentration, this observation is a sharp contrast to the values 
obtained for other kinetic models under study. Since pseudo-second order kinetic model is most 
likely to explain the adsorption processes for Zn
2+
 and As
3+
 uptake, the assumption then is that 
the rate determining step is chemisorption and bimolecular between imine group of the adsorbent 
and heavy metal ions. This observation is in agreement with previously conducted study (Chen et 
al., 2015).  
Table 5. 3: Kinetic parameters for the uptake of Zn
2+
 and As
3+
 from aqueous solutions by 
adsorption onto MNP-Maph 
    Models     Zn
2+
      As
3+
  
10 mg dm
-3
 50 mg dm
-3
 100 mg dm
-3
 10 mg dm
-3
 50 mg dm
-3
 100 mg dm
-3
 
qe (exp.) (mg g
-1
) 5.03 22.99 41.86 4.54 16.15 42.61 
Pseudo-first 
order 
      
qe (calc.) (mg g
-1
) 1.60 10.66 20.11 - - - 
K1 (min
-1
) 0.044 0.036 0.057 - - - 
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R
2
 0.744 0.810 0.926 - - - 
RSS 2.051 0.934 0.796 - - - 
Pseudo-second 
order 
      
qe (calc.) (mg g
-1
) 4.99 23.05 43.48 4.73 16.94 42.92 
K1 (min
-1
) 0.121 0.016 0.016 0.02 0.003 0.005 
R
2
 0.999 0.999 0.999 0.980 0.971 0.992 
RSS 1.735 0.074 0.008 58.654 6.654 0.294 
Elovich        
α (mg g-1 min-2) 220907.65 1025.57 231.59 6.79 21.88 41.73 
β (g mg-1 min-1) 3.746 0.491 0.275 1.743 0.559 0.153 
R
2
 0.911 0.951 0.933 0.532 0.364 0.601 
RSS 0.206 6.354 28.368 10.532 190.570 1048.232 
Intraparticle 
diffusion 
      
Kintra (mg g
-1
 min
-
1/2
) 
0.414 2.032 4.061 0.217 0.785 2.175 
R
2
 0.456 0.626 0.666 0.516 0.506 0.432 
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RSS 8.667 111.972 378.877 10.891 147.970 1491.840 
 
5.2.2.3.   Effect of adsorbent dose 
The effect of adsorbent dose was investigated for the removal efficiency of MNP-Maph for Zn
2+
 
and As
3+
 uptake at a fixed initial metal ion concentration. The effect of MNP-Maph dose on the 
removal of Zn
2+
 and As
3+
 was studied by varying its amount from 10 mg to 45 mg for every 20 
cm
3
 100 mg dm
-3
 adsorbate concentrations, the results are showed in Figure 5.3. As the 
adsorbent dose increased, the adsorption capacity also increased in both processes. For Zn
2+
 
uptake from aqueous solution, adsorption capacity increased from 22 to 39 mg g
-1
 as the 
adsorbent dose increased which is due to the availability of active sites for binding on the surface 
of the adsorbent which increases with increasing adsorbent dose. 
For As
3+
 uptake, the adsorption capacity increased with an increase in the adsorbent dose until it 
attained equilibrium and As
3+
 uptake further showed higher removal capacity than Zn
2+
 
demonstrating the efficiency of MNP-Maph to remove both divalent and trivalent conveniently 
from aqueous solutions.  
Subsequent studies on the uptake of Zn
2+
 and As
3+
 were conducted by using 40 mg adsorbent 
dose since at this adsorbent amount; maximum uptake was noticed in both processes. 
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Figure 5. 3: Effect of MNP-Maph dose on the uptake of Zn
2+
 and As
3+
 from aqueous 
solutions (conditions: 100 mg dm
-3
 20 cm
3
 adsorbate solution, 20 
o
C temperature, 4 h 
contact time, 200 rpm and pH 6.7 for Zn
2+
 and 6.0 for As
3+
). 
5.2.2.4.   Effect of Temperature 
The effect of temperature was carried out at four different initial adsorbate temperature between 
293 – 318 K since temperature influences the uptake of metal ions by functionalized magnetic 
nanoparticles from aqueous solutions (Khan et al., 2012). Figure 5.4 indicates the influence of 
temperature change on the adsorption performance of MNP-Maph on the uptake of Zn
2+
 and 
As
3+
 from aqueous solutions. An increase in temperature result into an increase in the adsorption 
capacity of both metal ions (Figures 5.4A and B). This may be as a result of an increase in the 
movement of metal ions in aqueous solution and reduction in the viscocity of the adsorbate 
solution at higher temperatures favouring higher uptake of divalent and trivalent metal ions. This 
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observation is consistent with the result obtained from previously reported studies on Zn
2+
 and 
As
3+
 removal from aqueous solutions (Khan et al., 2012). 
Data for the effect of temperature on the uptake of Zn
2+
 and As
3+
 from aqueous solution can be 
found in Appendix II. 
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Figure 5. 4: Effect of temperature for (A) Zn
2+
 and (B) As
3+
 uptake from aqueous solutions 
by MNP-Maph at pH 6.7 and 6.0 respectively (conditions: contact time (4 h), adsorbent 
dose (40 mg), adsorbate amount (20 cm
3
) and agitation speed (200 rpm)). 
5.2.2.4.1.   Isotherm study 
Langmuir and Freudlich adsorption isotherm models were used to evaluate the kind of 
adsorption process taken place for the uptake of Zn
2+
 and As
3+
 by MNP-Maph over the 
temperature range of 293 – 318 K. The results obtained (Tables 5.4 and 5.5) show that the data is 
best described by the Langmuir model than the Freudlich (Appendix II) suggesting strongly that 
the uptake of ions on the surface for both processes is monolayer. This inference is drawn from 
the fact that the origin software which was used in this study for data analysis takes into 
consideration the model with the lowest value of RSS and R
2
 values nearest to 1 as the model 
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which best describes the processes. These results indicate that uptake of metal ions by MNP-
Maph is a chemical type. Also, from Tables 5.4 and 5.5, data obtained showed an increase in the 
qm values as temperature increases indicating that higher temperature favours the uptake of the 
metal ions by MNP-Maph from aqueous solutions. Remarkably, the uptake of As
3+
 was observed 
to have a higher qm value than Zn
2+
 uptake across all temperature.  
When a comparison between the Langmuir maximum adsorption isotherm, qm was done (Table 
5.6) for the uptake of Zn
2+
 and As
3+
 between MNP-Maph and other adsorbents previously 
reported in literature, MNP-Maph employed in this study for the uptake of divalent and trivalent 
metal ions showed a better uptake of contaminants than the other adsorbents signifying that 
MNP-Maph will compete favourably as an adsorbent for the removal of heavy metals from 
aqueous solutions. 
Table 5. 4: Isotherm parameters for the uptake of Zn
2+
 by adsorption onto MNP-Maph at 
different temperatures 
Isotherm models and 
parameter 
 
293 K 
       
303 K 313 K 318 K 
Langmuir     
qm (mg g
-1
) 35.83 39.90 39.59 54.53 
b (dm
3
 mg
-1
) 0.22 0.22 0.28 0.10 
R
2
 0.994 0.989 0.993 0.969 
RSS 0.0042 0.0071 0.0037 0.0092 
Freudlich     
147 
 
KF 7.53 7.62 7.72 7.39 
N 2.06 2.02  2.02 1.96 
R
2
 0.897 0.908 0.908 0.923 
RSS 0.333 0.306 0.305 0.266 
Table 5. 5: Isotherm parameters for the uptake of As
3+
 by adsorption onto MNP-Maph at 
different temperatures 
Isotherm models and 
parameter 
 
293 K 
       
303 K 313 K 318 K 
Langmuir     
qm (mg g
-1
) 50.08 46.71 47.17 57.60 
b (dm
3
 mg
-1
) 0.04 0.05 0.11 0.23 
R
2
 0.992 0.968 0.957 0.952 
RSS 0.0025 0.0109 0.0151 0.0110 
Freudlich     
KF 6.29 6.50 7.14 361.28 
N 0.54 0.53  0.51 0.17 
R
2
 0.808 0.809 0.811 0.946 
RSS 0.689 0.677 0.636 50.42 
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Table 5. 6: Langmuir maximum adsorption capacity, qm for Zn
2+
 and As
3+
 uptake from 
aqueous solutions by MNP-Maph and other magnetic nanoparticles 
Metal ion       Adsorbents           Conditions qm (mg g
-1
) References 
 
 
 
 
 
 
Zn
2+
 
Ferric hydrite coated 
bricks 
pH 6.5, 250 mg dm
-3
 
adsorbate, 298 K, 100 
mg adsorbent, 1 h. 
79.5 (Allahdin et al., 
2014) 
Magnetic amine 
functionalized 
mesoporous silica 
nanocomposites 
pH 7.0, 20 cm
3
 25 mg 
dm
-3
 adsorbate, 298 K, 
15 mg adsorbent, 5 
min. 
82 (Mehdinia et al., 
2015) 
Polymer modified 
MNPs 
pH 5.5, 100 mg dm
-3
 
adsorbate, 298 K, 100 
mg adsorbent, 45 min. 
43.4 (Ge et al., 2012) 
Magnetic modified 
Chitosan 
pH 5.0, 100 mg dm
-3
 
adsorbate, 298 K, 30 
min. 
32.16 (Fan et al., 2011) 
Microporous 
titanosilicate ETS-10 
pH 5.0, 150 mg 
adsorbent, 298 K, 60 
min 
0.236 (Lv et al., 2004) 
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MNP-Maph pH 6.7, 20 cm
3
 100 mg 
dm
-3
 adsorbate, 293 K, 
40 mg adsorbent, 4 h. 
35.83 This study 
 Fe2O3  pH 7.0, room 
temperature, 10 mg 
adsorbent, 24 h. 
20.0 (Luther et al., 
2012) 
 Fe3O4  pH 7.0, room 
temperature, 10 mg 
adsorbent, 24 h. 
5.68 (Luther et al., 
2012) 
 Pine leaves pH 4.0, 298 K, 200 mg 
adsorbent,  35 min, 100 
cm
3
 10 mg dm
-3
 
adsorbate 
3.27 (Shafique et al., 
2012) 
As
3+
     
 As(III)-IMHNPs pH 6.0, 298 K, 200 mg 
adsorbent,  48 h, 100 
cm
3
 10 mg dm
-3
 
adsorbate. 
11.52 (Song et al., 
2017) 
 Carboxymethyl-β-
cyclodextrin Modified 
pH 9.0, 298 K, 600 mg 
adsorbent,  30 min, 100 
12.33 (Zeinali et al., 
2016) 
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MNPs cm
3
 adsorbate. 
 Magnetic nickel ferrite 
(NiFe2O4) 
MNPs 
pH 9.0, 293 K, 100 mg 
adsorbent,  30 min, 100 
cm
3
 25 mg dm
-3
 
adsorbate. 
30.86 (Karakaş et al., 
2017) 
 MNP-Maph pH 6.0, 20 cm
3
 100 mg 
dm
-3
 adsorbate, 293 K, 
40 mg adsorbent, 4 h. 
50.08 This study 
 
5.2.2.4.2.   Thermodynamic study 
The consideration of energy and entropy in any adsorption process is important so as to 
determine if the process will be spontaneous or not. As a result, thermodynamic parameters are 
significant for the application of this material and process to real life scenario.  Equations (5.3) 
and (5.4) were used to calculate the change in free energy ∆Go, change in enthalpy ∆Ho and 
change in entropy ∆So which the adsorption processes will follow. 
             
                            
 
 where R is the gas constant (8.314 J mol
-1
K
-1
), T is the absolute temperature in kelvin, K which 
is qe/Ce is the equilibrium constant at various temperatures, ∆S
o
 and ∆Ho are the intercept and 
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slope of the plot of ln k vs 1/T. From the data obtained from the experiment for the isotherms of 
the adsorption processes, we deduced the values of ∆Go, ∆Ho and ∆So (Tables 5.7 and 5.8) 
Table 5. 7: Thermodynamic parameters for Zn
2+ 
uptake by MNP-Maph 
∆Ho (KJ mol-1) 
 
∆So (J mol-1 K-1) 
 
                        ∆Go (KJ mol-1) 
293 K 303 K 313 K 318 K 
   0.105           3.612 -1.271 -1.479 -8.509 -8.696 
Table 5. 8: Thermodynamic parameters for As
3+
 uptake by MNP-Maph 
∆Ho (KJ mol-1) 
 
∆So (J mol-1 K-1) 
 
                        ∆Go (KJ mol-1) 
293 K 303 K 313 K 318 K 
   2.417           8.258 -0.182 -0.504 -1.097 -2.066 
 
From Tables 5.7 and 5.8, it can be observed that ∆Go values are negative across all temperature 
range. This confirms that both adsorption processes were spontaneous and feasible and the fact 
that as the temperature increases, ∆Go values decreases is an indication that uptake of Zn2+ and 
As
3+
 was favoured at high temperatures. For a system to be endothermic in nature, ∆Ho values 
must be positive. In both processes, ∆Ho values were observed to be positive which indicates that 
the processes were endothermic in nature. Also positive ∆So values suggested that the adsorption 
processes were randomly increasing. These processes can be considered to be a physico-
chemical and random one considering the results obtained for ∆Go and ∆Ho which are neither 
within the values specified for physisorptions nor chemisorptions only. For a physisorption 
adsorption process, ∆Go and ∆Ho values must be in the range of (20 and 0 KJ mol-1) and (21 and 
20.9 KJ mol
-1
) respectively and a chemisorption adsorption process, ∆Go and ∆Ho values should 
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be within (-80 and -400 KJ mol
-1
) and (80 and 200 KJ mol
-1
) (Liu and Liu, 2008; Veličković et 
al., 2013).  
5.2.2.5.   Recyclability study 
In order to prevent the discharge of secondary pollutants to the environment and reduce cost by 
making adsorbent available for reuse, recylability study is important to determine if the used 
adsorbent can be recycled for further use, as an excellent material for adsorption should possess a 
good regenerability capability. Recyclabiility study was carried out as reported in our previous 
study (Ojemaye et al., 2017a) but in this case, Zn
2+
 and As
3+ 
were desorbed from solution. The 
result indicates that average value of about 89 % desorption and adsorption efficiency of Zn
2+
 
and As
3+
 from aqueous solutions after 7 cycles was obtained (Figures 5.5A and B). Hence, 
sorbent material possesses remarkable recyclability performance and will complement the good 
adsorption efficiency earlier observed with this material for the uptake of Zn
2+
 and As
3+ 
from 
aqueous solution.   
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Figure 5. 5: % adsorption and desorption for (A) Zn
2+
 and (B) As
3+
 after 7 cycles. 
5.2.3.   Real sample analysis 
For application of MNP-Maph to real wastewater, five different samples from two different 
wastewater treatment plants in East London area of the Eastern Cape Province were analyzed by 
using flame ionization atomic adsorption spectrophotometer for their initial Zn
2+
 and As
3+ 
concentrations. Although, the initial As
3+
 concentration in the real wastewater samples was 
found to be within 1 mg dm
-3
 and Zn
2+
 concentration within 10 mg dm
-3
, the As
3+
 sample was 
spiked to 10 mg dm
-3
 prior to adsorption experiment to enable enough As
3+
 ion for competition 
with other metal ions in solution. As a way of comparison, the real wastewater samples were 
subjected to adsorption studies along with wastewater samples polluted with metal ions in the 
laboratory (simulated water) with similar initial metal ions concentration under equilibrium 
conditions using MNP-Maph. An average adsorption efficiency of 80 % and 90 % in the real 
wastewater samples and 86 % and 92 % in the simulated water was obtained for Zn
2+
 and As
3+
 
respectively. The relatively low adsorption efficiency for both metal ions in the real wastewater 
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samples can be ascribed to the complexity of the matrix (Chen et al., 2015; Oyetade et al., 2016). 
The co-existing of other ions and organic compounds competing for active sites on MNP-Maph 
with Zn
2+
 and As
3+
 may lead to the decrease in their uptake performance. Nevertheless, the effect 
of these interfering ions was not obvious and is negligible demonstrating the effectiveness of 
MNP-Maph and the method of adsorption to selectively and sequentially remove divalent and 
trivalent ions from domestic and industrial wastewater. Therefore, the use of MNP-Maph for the 
uptake of toxic metal ions from wastewater and industrial effluents should be further considered. 
5.3.   Conclusions 
Functionalized magnetic nanoparticles obtained via the covalent coupling of an imine ligand, 4-
{[(E)-phenylmethylidene]amino}benzoic acid (Maph-COOH) with amine modified magnetic 
nanoparticles (MNP-NH2) was applied for the uptake of Zn
2+
 and As
3+
 from aqueous solutions 
through some batch adsorption experiments. 
Batch adsorption experiments revealed that the processes were influenced by the pH of the 
solutions, contact time and adsorbent dose. Change in solution pH shows that higher uptake was 
favoured at alkaline pH and the effect of time indicates that in the first few minutes of contact 
between adsorbent and adsorbate solutions, there exist a sharp increase in the percentage 
adsorption in both divalent and trivalent ion solutions until equilibrium was attained and the 
processes obeyed pseudo-second order rate kinetic model. Langmuir adsorption isotherm model 
was observed to be the most suitable isotherm model for the spontaneous processes. 
Although, the uptake of As
3+
 was observed to be higher than that of Zn
2+
 in this study, the 
adsorbent still proved efficient for the removal of both metal ions from aqueous solutions going 
by their considerably high adsorption capacity compared to that observed from previously 
reported studies on these contaminants. Application of this adsorbent to real wastewater sample 
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for the uptake of Zn
2+
 and As
3+
 showed a remarkable sorption of the metal ions from aqueous 
solution indicating the capability of this material to selectively remove metal ions from a 
complex matrix. We therefore infer that imine functionalized magnetic nanoparticles (MNP-
Maph) is a good contender as a potential adsorbent for the uptake of Zn
2+
 and As
3+
 from aqueous 
solutions without separation difficulty. 
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Chapter 6 
 
 
 
 
 
Kinetics, isotherm and thermodynamic studies for the removal of Pb
2+
 and 
Hg
2+
 from aqueous solution by adsorption onto azomethine functionalized 
magnetic nanoparticles 
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Abstract 
The effectiveness of azomethine functionalized magnetic nanoparticles for the removal of Pb
2+
 
and Hg
2+
 from aqueous solutions was investigated in this study. The kinetics and isotherm 
studies for the two processes were calculated from the effect of varying contact time and 
temperature of the adsorption processes. Batch adsorption study involving the effect of solution 
pH shows that removal efficiency favoured neutral pH with metal ions adsorption attaining 
equilibrium at pH 6.0 and 7.0 for Pb
2+
 and Hg
2+
 respectively. Effect of contact time across three 
initial metal ion concentrations revealed that the adsorption efficiency increases with time and 
initial metal ion concentrations. Equilibrium was reached after 10 min for Pb
2+
 and 60 min for 
Hg
2+
 removal from aqueous solution. Kinetic studies show that pseudo second order kinetic 
model best describes both adsorption processes while the effect of temperature change shows 
that increase in temperature causes an increase in the adsorption capacity in both processes 
which favours Langmuir isotherm model. The removal of Pb
2+
 was observed to have a Langmuir 
adsorption maxima of 58.24 to 84.25 mg g
-1
 from 293 K to 318 K while Hg
2+
 removal indicates a 
Langmuir adsorption maxima of 59.24 to 75.02 mg g
-1
 from 293 K to 303 K. Thermodynamic 
study conducted only on Pb
2+
 indicates that the adsorption process is spontaneous, endothermic 
and feasible. Azomethine functionalized magnetic nanoparticles also showed excellent reusable 
tendencies after seven runs. All these results indicate the capability of this adsorbent to be 
efficient for the removal of Pb
2+
 and Hg
2+
 from aqueous solutions. 
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6.0.   Introduction 
Today, due to extended droughts, population growth, industrialization and urbanization, most 
countries are facing water problems (Tiwari et al., 2008) and as a result of increasing demand of 
clean water supplies, there is an urgent need to decontaminate wastewater generated from 
domestic and industrial activities. Several techniques including ion exchange (Lv et al., 2004), 
reverse osmosis, chemical precipitation (Barakat, 2011), membrane filtration (Samper et al., 
2010), adsorption (Ojemaye et al., 2017a) and electrodialysis are currently utilized for the 
removal of contaminants such as heavy metals from wastewater . In contrast to adsorption 
technique, due to sludge generation, operating time, cost, high energy consumption and 
ineffectiveness in meeting tight effluent standard procedures, there have been limitations to the 
use of the other techniques. Adsorption is considered to be most effective because of its 
simplicity in design which makes its operation flexible coupled with the fact that adsorbents can 
be recovered and reused after regeneration using suitable desorption methods. In addition, 
adsorption technique is cost effective and saves time. Because of the friendliness of adsorption 
techniques, several new classes of adsorbents have been reported for the removal of heavy 
metals from wastewater. Among them include; carbon nanotubes (Upadhyayula et al., 2009; 
Yang et al., 2013), fullerenes (Gupta and Saleh, 2013), activated carbon (Kadirvelu, 2004; 
Castillejos-López et al., 2008; Leyva-Ramos et al., 2011; Zhang et al., 2013; Kede et al., 2015), 
clay (Wang et al., 2012; Dias et al., 2015), montmerollite , kaolin (Zhang et al., 2010; Khan et 
al., 2012) etc. Also composite samples consisting of two or more adsorbents are recently been 
used for the effective removal of heavy metals (Oyetade et al., 2015). Despite the availability of 
these adsorbents, challenges such as difficulty of separation and low adsorption capacity have 
characterized the use of these materials. To further improve adsorption capacity of adsorbents 
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and to aid the ease with which adsorbent materials are separated from aqueous solutions, the use 
of magnetic nanoparticles as potent materials for the removal of heavy metals from aqueous 
solutions have been reported because of their unique characteristics such as the ability to tune 
their sizes, magnetic properties and surface functionalities. Functionalization of magnetic 
nanoparticles using ligands with nitrogen functionalities is continuously gaining huge attention 
in the field of environmental nanotechnology. Schiff base ligand, 4-{[(E)-
phenylmethylidene]amino}benzoic acid grafted onto magnetic nanoparticles makes available 
multiple binding sites with its azomethine group on the surface of the magnetic nanoparticles 
thereby enhancing the adsorption of metal ions from aqueous solutions. 
Heavy metal pollution of fresh water and wastewater is one of the most severe environmental 
challenges worldwide (Naser, 2013; Dave and Chopda, 2014) because their presence in 
wastewater even at low concentrations could be dangerous to human health. For instance, 
mercury and its compounds can cause a number of neurological changes in living organisms. 
Blood vessel congestion, teratogenic and mutagenic diseases, kidney and lung malfunction, 
cancer and sometimes death are some of the effects of the exposure to mercury by man 
(Pyrzynska, 2000; Mohan et al., 2001; Hadi et al., 2015). Industries such as paints, fertilizer, 
paper, pulp, chlor-alkali and emissions from coal burning power plants are major culprits of the 
discharge of Hg
2+
 into aqueous solutions through their wastewater (Kadirvelu, 2004; WHO, 
2008, 2011). Although Hg
2+
 can also be found in the environment through vapours generated 
from volcanic eruptions and weathering of sedimentary rocks, most Hg
2+
 found in the 
environment are as a result of the discharge of mercury contaminated wastewater into water 
bodies through industrial activities. For instance, in 1956, Minamata, Japan recorded mercury 
poisoning as a result of the discharge of wastewater contaminated with methylmercury into water 
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bodies by a manufacturing outfit (Mohan et al., 2001; Shekinah et al., 2002; Hadi et al., 2015) 
which resulted into bioaccumulation of mercury in fresh water resources causing serious lethal 
hazard to the communities of Minamata.  
Furthermore, lead through anthropogenic means enters water bodies via corrosion of plumbing 
materials from homes and erosion of mines and soil (Liu et al., 2009). Pb
2+
 which is also a major 
industrial release into the environment enters the food chain through drinking and farm land 
irrigation from wastewater. Pb
2+
 is not biodegradable and simply accumulates in cell structures 
of living organisms causing severe problems to the kidney, nervous, reproductive, brain and liver 
(Ahmed et al., 2013). 
In this study, we report on the removal of Pb
2+
 and Hg
2+
 from aqueous solutions by azomethine 
functionalized magnetic nanoparticles (MNP-Maph) synthesized by the covalent coupling of 
schiff base ligand, 4-{[(E)-phenylmethylidene]amino}benzoic acid onto amino functionalized 
MNPs (MNP-NH2). Effect of pH, contact time, adsorbent dose, temperature and initial adsorbate 
concentration were studied in order to ascertain the best experimental condition required for the 
adsorption of Hg
2+
 and Pb
2+
 from aqueous solutions. Also, reusability studies were carried out to 
determine if the adsorbent can be reused.  
6.1.   Experimental 
6.1.1.   Materials and Methods 
Nickel (II) chloride hexahydrate (NiCl2.6H2O) and Iron (III) chloride hexahydrate (FeCl3.6H2O), 
absolute ethanol, ammonia solution (25 %), sodium hydroxide pellet and hydrochloric acid were 
purchased from Merck (Pty) Ltd, Gauteng, South Africa. Tetraethyl orthosilicate (TEOS), 4-
aminobenzoic acid, dicyclohexylcarbodiimide (DCC) and 3-aminopropyltriethoxylsilane 
167 
 
(APTES) were purchased from Sigma Aldrich while SAAR chem supplied 4-
dimethylaminopyridine (DMAP) and benzaldehyde and dimethylformamide (DMF) was 
purchased from BDH Limited, Poole, England.  Mercuric oxide and pure lead metal powder 
were supplied by Industrial Analytical (Pty) Ltd, South Africa. All chemicals and reagents were 
of analytical grade and used without further purification. Separation of magnetic adsorbents from 
aqueous solution was achieved by using a bar magnet. 
6.1.2.   Synthesis of materials 
6.1.2.1.   Synthesis of 4-{[(E)-phenylmethylidene]amino}benzoic acid (Maph-COOH) 
The synthesis of 4-{[(E)-phenylmethylidene]amino}benzoic acid (Maph-COOH) have been 
previously reported (Kumar et al., 2013). Briefly, 4-aminobenzoic acid (0.020 mol) dissolved in 
20 cm
3
 mixture of ethanol and methanol (20:80) was added to benzaldehyde (0.20 mol) solution 
in ethanol and methanol (20:80) and refluxed for 10 h at 70 
o
C after the addition of 0.05 cm
3
 of 
glacial acetic acid. The resultant product was cooled to room temperature and left in a beaker 
overnight. The off white crude obtained was recrystallized in hot ethanol. (519.6 mg, 43%); 
m.pt: 190-192 
o
C; IR (ATR, cm
-1
) 3529, 3056, 1584, 1521, 1283; 
1
H NMR (400 MHz, DMSO-
d6) δ: 155.45, 155.20, 149.40, 149.20, 137.36, 128.09, 128.86, 120.80, 116.82, 116.52. 
6.1.2.2.   Preparation of magnetic nanoparticles (MNPs) 
FeCl3.6H2O and NiCl2.6H2O in molar ratio 2:1 in 40 cm
3
 of water were stirred under an inert 
atmosphere for 30 min. The pH of the suspension was adjusted to 11.0 by using 10 M NaOH 
solution and the temperature of the reaction mixture was raised to 80 
o
C while the mixture was 
stirred continuously for another 3 h under an inert atmosphere. The dark brown precipitate 
generated was magnetically separated and washed severally with deionized water until a neutral 
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pH was obtained. The crude was dried under vacuum at 80 
o
C for 12 h and the dried powder was 
further heated to 450 
o
C for 2 h in a furnace (Maaz et al., 2007; Ojemaye et al., 2017b). 
6.1.2.3.   Preparation of silica coated magnetic nanoparticles (MNP-Si) 
To a solution of 300 mg MNP previously dispersed in 40 cm
3
 solution of ethanol using water 
bath ultrasonicator, a 3 cm
3
 of tetraethoxysilane (TEOS) was added and the reaction pH was 
adjusted to 10.0 by using ammonia solution. The mixture was stirred continuously under inert 
atmosphere for 9 h and refluxed at 65 
o
C for 12 h. The large precipitate generated was collected 
via a magnet and dried under vacuum at 80 
o
C for 12 h and the dried powder was calcined at 450 
o
C for 2 h in a furnace.  
6.1.2.4.   Preparation of amine functionalized magnetic nanoparticles (MNP-NH2) 
Amine functionalized magnetic nanoparticles (MNP-NH2) was prepared by the method 
previously described in literature. To a solution containing 200 mg silica coated MNPs (MNP-Si) 
in 40 cm
3
 of ethanol,  2 cm
3
 of APTES was slowly added and the mixture was refluxed at 70 
o
C 
under an inert atmosphere for 10 h. The crude product obtained was separated magnetically and 
dried in an oven at 100 
o
C for 48 h (Wang et al., 2010). 
6.1.2.5.   Preparation of 4-{[(E)-phenylmethylidene]amino}benzoic acid functionalized 
MNPs (MNP-Maph) 
Covalent functionalization of amino functionalized magnetic nanoparticles with Maph-COOH 
was carried out at room temperature. Maph-COOH (100 mg) dissolved in anhydrous DMF 
containing DCC (100 mg) was stirred continuously for 24 h. Then, MNP-NH2 (200 mg) already 
dispersed in anhydrous DMF using water bath ultrasonicator was slowly added to the solution 
followed by the addition of DMAP (70 mg) and the mixture was allowed to continue stirring for 
48 h. The crude obtained was magnetically collected in ethanol to remove DMF and washed 
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severally with deionized water to remove excess DCC. The powder was then dried in vacuum at 
100 
o
C for 48 h (Bolley et al., 2013). 
6.1.3.   Adsorbate preparation 
Stock solution was prepared as follows: pure lead metal powder (1 g) was dissolved in 20 cm
3
 of 
5 M HNO3 and made up to mark of 1000 cm
3
 volumetric flask. Working solutions were prepared 
daily from the standard stock solution by serial dilution.  
For mercury standard solution, 1.713 g of mercuric oxide in 25 cm
3
 of HNO3 was diluted with 
deionized water to 1000 cm
3
 mark of a volumetric flask to afford 1000 mg dm
-3
 Hg
2+
 solution. 
Working solutions were prepared daily prior to adsorption studies by diluting appropriately an 
amount of this stock solution that will give the desired concentrations. 
6.1.4.   Instrument and calibration 
A Thermo Fischer iCE 3500 flame atomic adsorption spectrophotometer (FAAS) was used to 
determine the concentrations (initial and final) of Pb
2+
 and Hg
2+
 in solution. The calibration of 
the instrument was carried out for Pb
2+
 and Hg
2+
 determination by obtaining a calibration plot 
from standard solution within concentration range of 0 and 120 mg dm
-3
 at each time of metal 
ion concentration determination, the initial and final concentrations of Pb
2+
 and Hg
2+
 were 
obtained from these calibrations. 
The operating conditions of FAAS employed in this study for the determination of Pb
2+
 and Hg
2+
 
can be found in Appendix III (Table A-III.1). 
6.1.5.   Adsorption Experiments  
Series of batch adsorption processes were used in this study to conduct adsorption experiments. 
The effect of pH, contact time, adsorbent dose, adsorbate concentration and temperature were 
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carried out to determine the best conditions necessary for Pb
2+
/Hg
2+
 removal from aqueous 
solutions. Batch adsorption study involving MNP-Maph and each metal ion solution was 
conducted by agitating working solutions (100 mg dm
-3
, 20 cm
3
) freshly prepared daily from the 
stock solution in a 100 cm
3 
polypropylene plastic vials with MNP-Maph (40 mg) using a 
thermostated oven shaker (200 rpm) at temperature of 20 
o
C for 24 h. The desired pH of the 
adsorbates was attained by adding appropriate amount of 0.1 M of NaOH or HCl to the solution. 
MNP-Maph was separated from the solution after the required time interval by a permanent 
magnet and the concentration of metal ions in the filtrate determined by Thermo Fischer iCE 
3500 flame atomic adsorption spectrophotometer (FAAS).  The % adsorbed (adsorption 
efficiency) and qe (adsorption capacity) of Pb
2+
 and Hg
2+
 were calculated by using equations 
(6.1) and (6.2) respectively. 
 
 
Ci and Ceq is the initial and equilibrium Pb
2+
 and Hg
2+
 concentrations in mg dm
-3
, qe is the 
adsorption capacity in mg g
-1
, m in mg is the mass of the adsorbent and V is the volume of the 
adsorbate solution used in dm
3
. 
6.1.5.1.   Kinetics, isotherm and thermodynamics studies 
Kinetic studies were performed by contacting metal ions solutions (100 mg dm
-3
, 20 cm
3
) with 
an adsorbent dose (40 mg) at 20 
o
C on a thermostated oven shaker from 0 – 4 h. The pH of the 
solutions was maintained at 5.0 by using appropriate amount of 0.1 mol dm
-3
 HCl/NaOH. The 
samples were separated magnetically after each time interval and the concentration of both metal 
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ions determined by FAAS. The data obtained were fitted into kinetic models (Table 6.1) (Ho, 
2006; Liu and Liu, 2008; Fuente-Cuesta et al., 2015).  
 Table 6. 1: Kinetic models investigated for the adsorption of Pb
2+
 and Hg
2+
 
Kinetics model             Equation     Parameters References 
Pseudo-first order   
 
       qe,  k1 (Fuente-Cuesta 
et al., 2015) 
Pseudo-second order           
 
       qe, k2 (Fuente-Cuesta 
et al., 2015) 
Elovich                  α, β (Liu and Liu, 
2008) 
Intraparticle diffusion                      kid, l (Ho and McKay, 
2000) 
qt, amount of adsorbate adsorbed at time t (mg g
-1
); qe, amount of adsorbate adsorbed at 
equilibrium (mg g
-1
); α, adsorption rate constant (mg g-1 min-1); β, desorption rate constant (g 
mg
-1
); k1, pseudo-first order rate constant (min
-1
); k2, pseudo-second order rate constant (g mg
-1
 
min-1); kid, intraparticle diffusion rate constant (mg g
-1
 min
0.5
); l= boundary layer thickness 
constant (mg g
-1
). 
Furthermore, adsorption isotherms were studied by varying Pb
2+
 and Hg
2+
 concentrations 
ranging from 10-100 mg dm
-3
, at pH of 5. Adsorbents dose (40 mg) were agitated with Pb
2+
 and 
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Hg
2+
 concentrations (20 cm
3
) and agitated on a thermostated oven shaker at 200 rpm with 
temperatures ranging from 293, 303, 313 and 318 K for 4 h. The solutions were separated 
magnetically and the concentration of Pb
2+
 and Hg
2+
 in solution determined by AAS. The 
experimental adsorption data were analyzed using origin statistical software for Langmuir and 
Freundlich models (Auffan et al., 2008; Liu and Liu, 2008; Zolgharnein and Shahmoradi, 2010). 
The equation of the models is given in Table 6.2. Thermodynamic parameters such as change in 
Gibbs energy (∆Go), change in enthalpy (∆Ho) and change in entropy (∆So) were also calculated 
from the data obtained at the different temperatures. 
 Table 6. 2: Isotherm models investigated for the adsorption of Pb
2+
 and Hg
2+
 
Isotherm model                        Equation     Parameters References 
Langmuir                             qm,  b (Liu and Liu, 2008; 
Zolgharnein and 
Shahmoradi, 2010) 
Freudlich                              n, KF (Auffan et al., 2008) 
qeq = adsorption capacity (mg g
-1
); Ceq = concentration of adsorbate in solution at equilibrium ( 
mg dm
-3
); qm = maximum monolayer capacity (mg g
-1
); b, Langmuir isotherm constant (dm
3
 mg
-
1
); KF, Freudlich isotherm constant (mg g
-1
)(dm
3
 mg
-1
); n = adsorption intensity. 
6.1.6.    Reusability studies 
Reusability experiments were carried out by contacting metal ions solutions (20 cm
3
 100 mg dm
-
3
) and adsorbent (40 mg) for 4 h. The suspensions were separated and both metal ions 
concentration in the solutions after separation were ascertained. The spent adsorbent was dried in 
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an oven at 100 
o
C overnight after separation and 30 mg weight of this adsorbent was contacted 
with 10 cm
3
 solution of a mixture of 0.1 mol dm
-3
 HNO3 and HCl for 1 h on a shaker at 20 
o
C 
and the concentrations of Pb
2+
 and Hg
2+
 desorbed from the adsorbent were then ascertained by 
aspirating in FAAS.   
6.1.7.   Statistical analysis 
Data analysis was done by using origin software statistical computing systems (Zolgharnein and 
Shahmoradi, 2010). The origin statistical software considers the adjustment of the regression 
coefficient square, R
2 
and the minimization of the residual sum of squares (RSS). Data obtained 
from the adsorption of Pb
2+
 and Hg
2+
 were fitted to the kinetic and isotherm models by means of 
a linear least square regression routine. The model with the highest R
2
 and the least RSS values 
was chosen to be adequate after a comparison of all R
2
 and RSS values.  
6.2.   Results and discussion 
6.2.1.   Characterization of adsorbents 
The characterization of MNP-Maph has been reported in our previous study (Ojemaye et al., 
2017a). Major distinctive characteristic of this adsorbent is presented in Table 6.3 for thermal 
measurement using TGA between MNP-Maph and MNP-NH2. This result indicates the purity 
and successful synthesis of MNP-Maph. It can be observed that the introduction of Maph-COOH 
to MNP-NH2 to afford MNP-Maph resulted into about 4 % weight loss around 620 – 870 
o
C. 
Also FTIR spectra result (Table 6.4) showed that C=N str was observed on the spectra of MNP-
Maph after funtionalization of MNP-NH2 with Maph-COOH  
Table 6. 3: Thermal decomposition characteristics of functionalized magnetic nanoparticles 
                                   Temperature (
o
C) 
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Adsorbents 100 – 120 oC 120 – 350 oC 350 – 600 oC 620 – 870 oC  
MNP-NH2 (% weight loss) 3.469 % 6.904 % 7.8 % - 
MNP-Maph (% weight loss) 1.107 % 6.521 % 7.8 % 3.806 % 
 
 Table 6. 4: Major FTIR adsorption bands of synthesized materials 
Adsorbents 
and Ligand 
                                              FTIR bands 
  
 O-H Str 
 
-CH2 Str 
 
C=N Str 
 
C-N Str 
 
Si-O Str 
 
Fe-O Str 
MNP 3600 - - - - 530 
MNP-NH2 - - - 1280 1100 530 
Maph-COOH 3500 2900 1550 1285 - - 
MNP-Maph - 2900 1600 1300 1100 530 
 
6.2.2.   Batch adsorption processes 
6.2.2.1.   Effect of solution pH 
One of the factors that affect adsorption performance is the solution pH. The influence of pH was 
examined by varying the pH of the solution for the removal of Pb
2+
 and Hg
2+
 from aqueous 
solution from 1 to 10 and the performance of the synthesized material was assessed within this 
pH range. 
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Figure 6.1: Effect of pH on the adsorption of (A) Pb
2+
 and (B) Hg
2+
 from aqueous solution 
by MNP-Maph (conditions: 24 h time, temperature: 20 
o
C, adsorbent dose: 40 mg, 
adsorbate amount: 20 cm
3
 and 200 rpm agitation speed). 
Figure 6.1 shows the influence of solution pH on the adsorption of Pb
2+
 and Hg
2+
 from aqueous 
solution. The removal of Pb
2+
 and Hg
2+ 
from aqueous solution showed similar pattern as low 
percentage adsorption were observed at low pH conditions but an increased uptake were 
observed as the solution pH increases. However, at pH values above 6 and 7 for Pb
2+
 and Hg
2+ 
respectively, the uptake of metal ions was observed to decrease. This can be attributed to the fact 
that at lower pH range, not only free metal ions were adsorbed on the surface of MNP-Maph but 
hydroxyl products Pb4(OH)4
4+
, Pb6(OH)8
4+
, Hg(OH)4
2+ 
(Ahmed et al., 2013) as well as other 
positive ions such as H
+
 present in solutions which struggles with Pb
2+
 and Hg
2+
 for binding on 
the surface of the adsorbent. Further increase of the solution pH to alkaline region causes a 
decrease in the sorption uptake of the adsorbent due to the presence or precipitation of negatively 
charged species which cannot be adsorbed on the surface of MNP-Maph. Previous reports 
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suggested that similar result was obtained for the adsorption of Pb
2+
 and Hg
2+ 
from aqueous 
solution by functionalized magnetic nanoparticles (Hakami et al., 2012; Parham et al., 2012; 
Ahmed et al., 2013). For subsequent adsorption experiments, pH 5.0 was adopted since at this 
pH value, metal ions have been reported to be in solution (Oveisi et al., 2017) and in this study, 
adsorption of metal ions by MNP-Maph were still noticed to have efficiently taken place (Figure 
6.1).  
Data illustrating the effect of pH on the adsorption of Pb
2+
 and Hg
2+ 
from aqueous solutions are 
presented in Appendix III. 
6.2.2.2.   Effect of Time 
Time variation to determine the optimum contact time for the removal of metal ions from 
aqueous solutions was conducted using three different initial metal ion concentrations (100, 50 
and 10 mg dm
-3
) between 1 to 240 min at constant pH of 5.0, adsorbent dose of 40 mg and 
temperature of 20 
o
C for both Pb
2+
 and Hg
2+
. Figure 6.2 shows that equilibrium was attained for 
the removal of Pb
2+
 within 10 min and for Hg
2+
, equilibrium was attained within 60 min at all 
metal ion concentrations with the adsorption rate strikingly fast in the first 10 min showing that 
binding of the adsorbate to the surface of the adsorbent is a strong one as more binding sites are 
available at the initial stage of adsorption. Mehdinia et al. (2015) and Caner et al. (2015) 
reported similar phenomenon for the adsorption of Pb
2+
 and Hg
2+
 onto nitrogen functionalized 
magnetic nanoparticles from aqueous solutions. 
Experimental data for the adsorption of Pb
2+
 and Hg
2+ 
by MNP-Maph as a function of time are 
presented in Appendix III. 
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Figure 6 2: Effect of time on the adsorption of (A) Pb
2+
 and (B) Hg
2+
 onto MNP-Maph at 
different initial metal ion concentrations at pH 5.0, 200 rpm, 20 cm
3
 adsorbate, 20 
o
C and 
40 mg adsorbent dose. 
6.2.2.2.1.   Kinetic Study 
The data obtained from the experiment for the variation of time were fitted into four kinetic 
models to better determine the mechanism of adsorption of metal ions onto MNP-Maph that best 
describes both processes. The four kinetic models investigated were pseudo-first order, pseudo-
second order, elovich and intra-particle diffusion models (Table 6.1). A comparison of the 
models to determine that which best describes the process for both adsorbate was done by using 
linear square regression analysis in the origin software. The model which best describes the 
process is the model with the least residual sum of squares (RSS) values. 
The adsorption of Pb
2+
 and Hg
2+
 onto MNP-Maph were best described by pseudo-second order 
models (Table 6.5). Since pseudo-second order assumes that adsorption proceeds through 
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bimolecular interaction between adsorbent surface functionalities and metal ions (Ho and 
McKay, 2000). Therefore, the adsorption of Pb
2+
 and Hg
2+
 onto MNP-Maph were enhanced by 
the affinity of azomethine group on the surface of MNP-Maph for metal ions. Similar results for 
an adsorption process obeying pseudo-second order model for the removal of Pb
2+
 and Hg
2+
 by 
functionalized MNP adsorbents were also reported by Ge et al. (2012), Afraz et al. (2016) and 
Charpentier et al. (2016). 
Also, for the model which better describes the data, the calculated qe values (qe (cal)) must be 
close to the experimental qe values (qe (exp)). In all models studied, the pseudo-second order 
kinetic shows better relationship between the (qe (cal)) and (qe (exp)) for the adsorption of Pb
2+
 
and Hg
2+
 from aqueous solutions. Furthermore, the pseudo-second order model shows that as the 
initial divalent metal ions concentrations increases, the rate constant decreases in divergence to 
the other models. This result is further authenticated by the conclusions from previously 
published reports (Ge et al., 2012; Afraz et al., 2016).  
Plots showing the fitting of the data obtained into different kinetic models for Pb
2+
 and Hg
2+
 
adsorption from aqueous solutions can be found in Appendix III. 
Table 6. 5: Kinetic parameters for the removal of Pb
2+
 and Hg
2+
 from aqueous solutions by 
adsorption onto MNP-Maph 
    Models     Pb
2+
      Hg
2+
  
10 mg dm
-3
 50 mg dm
-3
 100 mg dm
-3
 10 mg dm
-3
 50 mg dm
-3
 100 mg dm
-3
 
qe (exp.) (mg g
-1
) 5.07 24.50 49.49 7.33 25.66 43.66 
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Pseudo-first order       
qe (calc.) (mg g
-1
) 3.24 15.27 16.54 6.62 22.65 31.50 
K1 (min
-1
) 0.137 0.131 0.142 0.42 0.60 0.44 
R
2
 0.677 0.659 0.488 0.945 0.992 0.879 
RSS 4.592 4.588 10.142 0.156 0.043 0.392 
Pseudo-second order       
qe (calc.) (mg g
-1
) 5.22 25.22 50.30 7.87 24.06 43.40 
K1 (min
-1
) 0.10 0.02 0.03 0.093 0.014 0.011 
R
2
 0.999 0.999 1.000 0.999 0.999 0.999 
RSS 1.391 0.139 0.003 1.019 0.036 0.009 
Elovich        
α (mg g-1 min-2) 8.83 20.36 921.50 2.67 1051.00 21409.07 
β (g mg-1 min-1) 0.67 0.24 0.16 1.56 0.34 0.28 
R
2
 0.750 0.746 0.599 0.684 0.779 0.690 
RSS 8.932 230.814 964.740 1.405 18.458 42.590 
Intraparticle 
diffusion 
      
180 
 
Kintra (mg g
-1
 min
-1/2
) 0.262 1.284 1.912 1.650 6.194 9.714 
R
2
 0.468 0.436 0.351 0.646 0.769 0.725 
RSS 18.98 512.94 1562.73 14.89 114.74 357.28 
 
6.2.2.3.   Effect of adsorbent dose 
The effect of adsorbent dose on the removal of both metal ions at optimum conditions were 
investigated (Figure 6.3). It can be observed that removal efficiency increased with increasing 
adsorbent dose from 0.01 to 0.040 g while equilibrium was attained and adsorption remained 
constant above adsorbent amount of 0.035 g for Pb
2+
. Similarly, adsorption efficiency increased 
from 0.01 to 0.04 g for the process involving Hg
2+
 adsorption and begins to decline above 0.04 g. 
This can be attributed to the fact that no enough active site for binding between metal ions and 
adsorbent material is available during the process of adsorption when adsorbent amount exceeds 
threshold for metal ions removal. This is consistent with the result reported in previously 
published data (Mehdinia et al., 2015). 
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Figure 6.3: Effect of MNP-Maph dose on the removal of Pb
2+
 and Hg
2+
 from aqueous 
solutions (conditions: 100 mg dm
-3
 20 cm
3
 adsorbate solution, 20 
o
C temperature, 4 h 
contact time, 200 rpm and pH 5.0). 
6.2.2.4.   Effect of temperature 
Figure 4 shows the effect of temperature at constant pH, adsorbate amount and time for Pb
2+
 and 
Hg
2+
 removal from aqueous solutions. The temperature was increased from 293 K to 318 K for 
Pb
2+
 and only one temperature (293 K) was employed for Hg
2+
 due to the volatility of Hg
2+
 ions 
at high temperatures. Increasing the temperature of the medium enables an increase in the 
mobility of the metal ions and causes a reduction in the viscosity of the solution; this in turn 
enhances the removal efficiency of adsorbent for metal ions (Khan et al., 2012). It can be 
observed from Figure 6.4 that higher temperature results into a much higher adsorption capacity 
for both ions.  
Experimental data obtained for the adsorption of Pb
2+
 and Hg
2+
 by MNP-Maph as a function of 
temperature are illustrated in Appendix III. 
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Figure 6.4: Effect of temperature on the adsorption of (A) Pb
2+
 and (B) Hg
2+
 from aqueous 
solution by MNP-Maph at pH 5.0 (conditions: time: 4 h, adsorbent dose: 40 mg, adsorbate 
amount: 20 cm
3
 and 200 rpm agitation speed). 
6.2.2.4.1.   Isotherm study 
Two parameters isotherm models, Freudlich and Langmuir were applied to the experimental data 
obtained from this study when temperature was varied.  Information on the capability of an 
adsorbent, the spread of metal ion solutions in solid and liquid phases and adsorption mechanism 
are provided by isotherm studies. Table 6.6 and 6.7 illustrate the isotherm model which better 
described the processes involved in the adsorption of Pb
2+
 and Hg
2+
 by MNP-Maph. To 
determine the model which best describes the adsorption of Pb
2+
 and Hg
2+ 
from aqueous 
solutions, after fitting the equilibrium data into the models using linear least square analysis in 
the origin computing system, the model with the lowest sum of residual squares and coefficient 
of regression value near 1 was chosen as the model which better describe the adsorption 
processes. Plots showing the fitting of the experimental data into both models for Pb
2+
 and Hg
2+
 
adsorption are given in Appendix III. With a corresponding increase in temperature, the qm 
values for Pb
2+
 increased from 58.24 to 84.25 mg g
-1 
 implying that higher temperatures help to 
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enhance removal efficiency while for Hg
2+
 removal, increase in the removal efficiency was 
observed from 59.24 to 75.02 mg g
-1
 as the temperature increases (Table 6.6 and 6.7).
.
 The n 
value > 1 in the Freudlich model of the two processes suggests that the processes for the removal 
of metal ions from aqueous solutions are feasible. Interestingly, the comparison of the Langmuir 
adsorption of Pb
2+
 and Hg
2+
 from previously reported studies with that obtained from this 
experiment revealed that MNP-Maph showed better removal capacity than most data previously 
reported (Table 6.8). This demonstrates the capability of MNP-Maph to effectively function as 
an alternate or substitute material to the already existing materials for the removal of metal ions 
from aqueous solutions. 
Table 6. 6: Isotherm parameters for the removal of Pb
2+
 by adsorption onto MNP-Maph at 
different temperatures. 
Isotherm models and 
parameter 
 
293 K 
       
303 K 313 K 318 K 
Langmuir     
qm (mg g
-1
) 58.24 76.22 78.74 84.25 
b (dm
3
 mg
-1
) 0.10 0.08 0.08 0.100 
R
2
 0.990 0.985 0.993 0.998 
RSS 0.0003 0.0002 0.0001 0.0001 
Freudlich     
KF 5.95 5.94 5.95 6.06 
N 1.31 1.30  1.29 1.29 
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R
2
 0.969 0.972 0.967 0.968 
RSS 0.124 0.115 0.130 0.135 
Table 6. 7: Isotherm parameters for the removal of Hg
2+
 by adsorption onto MNP-Maph at 
different temperatures. 
Isotherm models and 
parameter 
 
293 K 
       
303 K 
Langmuir   
qm (mg g
-1
) 59.24 75.02 
b (dm
3
 mg
-1
) 0.05 0.04 
R
2
 0.982 0.993 
RSS 0.0025 0.0006 
Freudlich   
KF 3.52 3.47 
N 1.32 1.30 
R
2
 0.980 0.990 
RSS 0.044 0.039 
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Table 6. 8: Comparison of Langmuir maximum adsorption capacity, qm for Pb
2+
 and Hg
2+
 
adsorption onto MNP-Maph and other adsorbents 
Metal ion Adsorbents           Conditions qm  (mg g
-1
) References 
 Iron oxide 
nanoparticles 
pH 5.5, 10 mgdm
-3
 adsorbate, 
303 K, 30 min. 
    36.0 (Nassar, 
2010) 
Amino-functionalized 
magnetic 
nanoparticles 
pH 5.0, 50 cm
3
 of 10 mgdm
-3
 
adsorbate, 298 K, 5 mg 
adsorbent 6 h. 
    40.10 (Tan et al., 
2012) 
Ferric hydrite coated 
brick 
pH 5.5, 250 mgdm
-3
 adsorbate, 
298 K, 100 mg adsorbent, 1 h. 
     37.0 (Allahdin et 
al., 2014) 
 
 
 
Pb
2+
 
Magnetic amine 
functionalized 
mesoporous silica 
nanocomposites 
pH 6.0, 20 cm
3
 25 mg dm
-3
 
adsorbate, 298 K, 15 mg 
adsorbent, 5 min. 
      268 (Mehdinia et 
al., 2015). 
Polymer modified 
MNPs 
pH 5.5, 100 mg dm
-3
 adsorbate, 
298 K, 100 mg adsorbent, 45 
min. 
      12.43 (Ge et al., 
2012) 
Kaolin supported 
zero valent iron 
pH 5.5, 100 mg dm
-3
 adsorbate, 
298 K, 100 mg adsorbent, 60 
       48.0 (Zhang et al., 
2010) 
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min. 
 PS-EDTA Resin 
 
pH 6.0, 100 mg dm
-3
 adsorbate, 
298 K, 100 mg adsorbent. 
    32.1 
 
(Wang et al., 
2010) 
 MNP-Maph pH 5.0, 20 cm
3
 100 mg dm
-3
 
adsorbate, 293 K, 40 mg 
adsorbent, 4 h. 
    58.24 Present study 
  
TF-MNPs 
 
pH 6.0, 50 cm
3
 25 mgdm
-3
 
adsorbate, 333 K, 70 mg 
adsorbent, 90 min. 
 
    344.82 
 
(Oveisi et al., 
2017) 
 Chitosan-Coated 
Diatomite 
pH 5.0, 10 cm
3
 adsorbate, 293 
K, 200 mg adsorbent, 120 min. 
     116.2 (Caner et al., 
2015) 
Raw Diatomite pH 5.0, 10 cm
3
 adsorbate, 293 
K, 200 mg adsorbent, 120 min. 
       68.1 (Caner et al., 
2015) 
 Hg
2+
 Poly(1-amino-5-
chloroanthraquinone) 
Nanofibrils 
pH 6.0, 100 cm
3
 20 mmol 
adsorbate, 298 K, 160 mg 
adsorbent, 24 h. 
      3.846  (Huang et 
al., 2016) 
187 
 
Chitosan coated 
MNPs 
pH 5.0, 100 cm
3
 6.2 mg dm
-3
 
adsorbate, 67 mg adsorbent. 
   9.34 (Rahbar, 
2014) 
 Fe3O4@silica-NH2 pH 5.7, 10 cm
3
 of 100 mg dm
-3
 
adsorbate, 298 K, 10 mg 
adsorbent, 24 h. 
   126.7 (Afraz et al., 
2016) 
 MNP-Maph pH 5.0, 20 cm
3
 of 100 mg dm
-3
 
adsorbate, 293 K, 40 mg 
adsorbent, 4 h. 
   59.24 Present 
study 
 
6.2.2.4.2.   Thermodynamic experiment 
To apply this adsorbent for the treatment of effluents from domestic and industrial wastewater 
treatment plants, the evaluation of thermodynamic parameters is necessary so as to tell which of 
the processes will be endothermic or exothermic, spontaneous or non-spontaneous and if the 
adsorption processes will be feasible or not. Parameters such as Gibbs energy ∆Go, enthalpy 
change ∆Ho and entropy change ∆So were determined by using equations (6.3) and (6.4). 
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 where R is the gas constant (8.314 J mol
-1
K
-1
), T in Kelvin is the absolute temperature, K which 
is qe/Ce is the equilibrium constant, ∆S
o
 and ∆Ho are the entropy and enthalpy change of the 
adsorption process which are intercept and slope of the plot of ln k against 1/T. Table 6.9 
presents the values of ∆Go, ∆Ho and ∆So calculated by using the data obtained from the isotherms 
of the adsorption process involving Pb
2+
 removal. It shows that adsorption of Pb
2+
 from aqueous 
solution is endothermic since positive ∆Ho tells that a process is heat absorbing. Also positive 
value of ∆So indicates the randomness of the adsorption process and negative values of ∆Go 
signify that adsorption of Pb
2+
 from aqueous solution by MNP-NH2 did occur. Worthy of note is 
that as the temperature increases, the negative values of ∆Go increases showing that increase in 
temperature favours the removal of Pb
2+
. This tendency compliments the result obtained from the 
effect of varying time. Thermodynamic studies on the removal of Hg
2+
 by MNP-Maph could not 
be conducted due to limitation in the number of data available for thermodynamic plot 
orchestrated by our inability to carry out adsorption experiments at high temperatures as a result 
of the volatile nature of Hg
2+
 at high temperatures. 
Table 6. 9: Thermodynamic parameters for the adsorption of Pb
2+
 onto MNP-Maph. 
∆Ho (KJ mol-1) 
 
∆So (J mol-1 K-1) 
 
                        ∆Go (KJ mol-1) 
293 K 303 K 313 K 318 K 
   4.243           15.39 -2.494 -2.835 -5.333 -4.865 
 
6.2.2.5.   Reusability experiment  
To assess the ability of this adsorbent, reusability study was conducted to ascertain the removal 
efficiency of Pb
2+
 and Hg
2+
 from aqueous solutions during seven runs of adsorption-desorption 
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experiments. Figure 6.5 shows the reusability efficiency of Pb
2+
 and Hg
2+
 from aqueous solutions 
after seven runs. It can be observed that no significant reduction in the adsorption efficiency of 
metal ions by MNP-Maph was noticed after seven attempts. This result demonstrates that 
azomethine functionalized magnetic nanoparticles can be used for the removal of metal ions 
from aqueous solutions over a number times affirming its suitability for a continuous flow 
process design. It is important to emphasize that the regenerability of many readily and 
commercially available adsorbents including carbon nanotubes and activated carbon usually cost 
a fortune and are time consuming. This regeneration aspect is the most expensive part of this 
technology and it is responsible for about three quarter of the total cost of operation and 
maintenance of an adsorption process (Nassar, 2010; Vassilis, 2010). Conversely, this tendency 
is not the case with respect to the regeneration of used azomethine functionalized magnetic 
nanoparticles (MNP-Maph). Hence, azomethine functionalized magnetic nanoparticles is a cost 
effective adsorbent with a rapid adsorption performance for the removal of metal ions from 
aqueous solution. 
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      Figure 6.5: Reusability study for (A) Pb
2+
 and (B) Hg
2+
 adsorption by MNP-Maph. 
6.3.   Conclusions 
The investigation of the adsorption kinetic and isotherm parameters which were the key 
objective of this study revealed that pseudo second order kinetics and Langmuir isotherm models 
best described the adsorption processes. These were confirmed by comparing the lowest residual 
sum of squares (RSS) obtained for both Pb
2+
 and Hg
2+
 removal of the models employed. For Pb
2+ 
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adsorption, isotherm capacity increased from 58.24 to 84.25 mg g
-1
 between 293 K and 318 K 
indicating that higher temperature favoured the removal efficiency. Thermodynamic studies 
show that the process is endothermic, spontaneous and feasible. Effect of pH indicates that the 
removal of Pb
2+
 and Hg
2+
 from aqueous solutions are both enhanced at pH values higher than 6. 
Efficiency of the adsorption of Pb
2+
 and Hg
2+
 by MNP-Maph as a function of time at different 
initial adsorbate concentrations showed a rapid increase in metal ions removal before 10 min for 
both processes until equilibrium was attained at 20 min and 60 min for Pb
2+
 and Hg
2+
 
respectively. Increase in the adsorbate concentration resulted into a higher removal efficiency for 
both metal ions in aqueous solutions. Pb
2+
 had a better sorption capacity from aqueous solutions 
than Hg
2+
 in this study. Therefore, experimental data obtained and the analysis of these data into 
different kinetic and isotherm models indicate that azomethine functionalized magnetic 
nanoparticles is an efficient adsorbent for the removal of Pb
2+
 and Hg
2+
 from aqueous solutions.  
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Chapter 7 
 
 
 
 
 
Uptake of Pb
2+
, Zn
2+
, Cu
2+
 and As
3+
 by adsorption onto azomethine 
functionalized magnetic nanoparticles: Single- and competitive-component 
adsorption study 
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Abstract 
This study evaluates the capability of azomethine functionalized magnetic nanoparticles to 
selectively remove heavy metal ions from aqueous solution containing complex matrix of 
contaminants and single contaminant system. The metal ions investigated were Pb
2+
, Zn
2+
, Cu
2+
 
and As
3+
. Batch adsorption studies involving the influence of pH and initial metal ion 
concentrations were assessed to determine the optimal experimental conditions.  
The adsorption capacities in a single component system were higher than that obtained in a 
competitive adsorption system. The sequence of adsorption in both single and competitive 
component systems was Pb > Cu > As > Zn. This sequence was against the order obtained for 
their respective ionic radii in a competitive system. This was attributed to the fact that adsorption 
did not depend on the ionic radii of metal ions in solution but rather on the textural and 
functional characteristics of the adsorbent employed in this study. 
The result on the influence of pH and initial metal ions concentration on the competitive removal 
of metal ions revealed that uptake of metal ions was pH and initial metal ion concentration 
dependent. Lastly, the removal of heavy metal ions from municipal wastewater demonstrated 
excellent adsorption efficiency confirming that MNP-Maph exhibits good adsorption 
performance for the sequestering of complex matrix of contaminants.
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7.0.   Introduction 
The continuous release of substances containing heavy metals into the environment from mining, 
paint, welding, plating, electronic devices, alloy and cosmetic manufacturing industries is posing 
dangerous threats to the survival of man and the environment. Among the most dangerous 
contaminants known to exist in wastewater are heavy metals. Heavy metals remain one of the 
non-biodegradable and non-metabolized substances and because of this, they accumulate in the 
environment and causes severe risk to living organisms (Ge et al., 2012). They usually find their 
ways into the food chain through various means and gradually cause harmful effects in 
organisms throughout their life cycle. A number of harmful effects experienced with heavy metal 
ingestion include fever, diarrhea, kidney and liver problems, neurological disorder and 
sometimes death.  It is therefore important to remove heavy metals from aqueous solutions 
before their disposal into the environment.  
Since the advent of nanotechnology, several efforts have been geared towards synthesizing new 
nanosized materials that will efficiently cater for these heavy metals in aqueous solutions by 
preferentially removing them from solution at least to non-toxic levels recommended by 
regulatory agencies. Recently attention has been tailored towards magnetic nanoparticles 
(MNPs) because of their unique properties including high contaminant removing capabilities, 
low cost, high superparamagnetism which will aid easy separation from solution and high 
surface area unlike other materials such as kaolin (Zhang et al., 2010), chitosan (Laus and De 
Fávere, 2011), ion-exchange resins (Wang et al., 2010), carbon nanotubes (Yang et al., 2013), 
clay (Dias et al., 2015), activated carbon (Mohan and Singh, 2002) and titanium dioxide 
(Ojemaye et al., 2017b) which either has low adsorption capability, separation difficulty or 
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regenerability problems inherent in them. Functionalized magnetic nanoparticles possess even 
higher removal capacity than bare magnetic nanoparticles because of the presence of functional 
groups on their surface which enhances the uptake of heavy metals from aqueous solutions. 
Here, we introduced Schiff base ligand with functional azomethine group, 4-{[(E)-
phenylmethylidene]amino}benzoic acid through covalent bonding to the surface of magnetic 
nanoparticles so as to enhance its capabilities towards heavy metal removal.  
Different types of techniques including oxidation (El-desoky et al., 2010), ion-exchange 
(Vassilis, 2010), coagulation (Zahrim and Hilal, 2013), ultrafiltration, adsorption and chemical 
precipitation (Barakat, 2011) have been applied to wastewater for the removal of heavy metal 
ions to relatively low amount acceptable to regulatory agencies. But adsorption technique is 
preferred in this study for the removal of contaminants using functionalized magnetic 
nanoparticles because of its ease of operation; low assemble cost, ability to regenerate 
adsorbents, broad acceptability and high efficiency.  
This study aims at examining the potential of azomethine functionalized magnetic nanoparticles 
(MNP-Maph) for the effective removal of Pb
2+
, Zn
2+
, Cu
2+
 and As
3+
 by adsorption in a single 
metal ion system and complex metal ion matrix. Adsorption experiment involving change in pH 
and initial metal ions concentration were also examined so as to reveal the best experimental 
condition for adsorption. 
7.1.   Experimental 
7.1.1.   Chemicals and materials 
All chemicals were of analytical grade and used as received. Nickel (II) chloride hexahydrate 
and iron (III) chloride hexahydrate, ethanol, ammonia (25%), sodium hydroxide pellet and 
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hydrochloric acid were supplied by Merck (Pty) Ltd, South Africa. Dicyclohexylcarbodiimide 
(DCC), 4-aminobenzoic acid, tetraethyl orthosilicate (TEOS) and 3-aminopropyltriethoxylsilane 
(APTES) were supplied by Sigma Aldrich while 4-dimethylaminopyridine (DMAP) and 
benzaldehyde were supplied by SAAR Chem and dimethylformamide (DMF) were supplied by 
BDH Limited, Poole, England. Industrial Analytical (Pty) Ltd, South Africa supplied pure zinc 
metal, pure copper metal and pure lead metal powders and arsenic (III) standard solution.  
7.1.2.   Preparation of nanomaterials 
Magnetic nanoparticles (MNPs) were synthesized by the co-precipitation method involving 
NiCl2.6H2O and FeCl3.6H2O at pH 11.0 under inert atmosphere for 3 h. The obtained magnetic 
nanoparticles were coated with silica to allow for further functionalization using TEOS. The 
silica modified magnetic nanoparticles was reacted with 3-aminopropyltriethoxylsilane (APTES) 
to afford amine functionalized magnetic nanoparticles (MNPs-NH2). 4-{[(E)-
phenylmethylidene]amino}benzoic acid (100 mg) was covalently bonded to amine 
functionalized magnetic nanoparticles (200 mg) in the presence of DCC (100 mg) and DMAP 
(70 mg). After 48 h of stirring, the product obtained, azomethine functionalized magnetic 
nanoparticles (MNP-Maph) was collected with ethanol and washed severally with deionized 
water to remove DMF and DCC respectively and the crude was separated from solution by using 
a magnet. The collected crude was oven dried at 100 
o
C for 2 days. Details of the synthesis of 
Schiff base ligands 4-{[(E)-phenylmethylidene]amino}benzoic acid and the characterization of 
MNP-Maph have been previously reported by us (Ojemaye et al., 2017). 
7.1.3.   Adsorbate preparation 
Pure metal ion powder (1 g) of Pb
2+
, Zn
2+
 and Cu
2+
 were separately dissolved in approximately 
100 cm
3
 of 5 M nitric acid and made up to 1000 cm
3
 mark in a volumetric flask with deionized 
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water to afford our stock solutions. Working solutions were daily prepared from the stock 
solutions while As
3+
 stock solution purchased from the suppliers was used as As
3+
 stock solution 
in this study. 
7.1.4.   Batch adsorption experiment 
Two different adsorption experiments were conducted in this study; single component system 
and complex metal ion matrix. For the single component adsorption system, experiment were 
conducted at pH 5.0 with metal ion concentration ranging from 10-100 mg dm
-3
, contact time of 
4 h and agitating speed of 200 rpm using 20 cm
3
 parts of metal ions at 20 
o
C and 40 mg 
adsorbent amount. The suspensions were separately filtered with the aid of an external magnetic 
field after agitation and the filtrates aspirated into FAAS for the final concentrations of each 
metal ion. 
For the complex metal ion matrix, parameters influencing adsorption performance such as the 
effect of pH, contact time and adsorbent amounts were varied. The experiment involving the 
effect of pH was carried out at pH values 1-10 by adjusting using 50 mg dm
-3 
20 cm
3
 adsorbate 
concentrations to the desired pH using 0.1 mol dm
-3
 HNO3 or NaOH. The suspension was 
agitated at 200 rpm, 100 mg adsorbent amount at 20 
o
C for 24 h and separated from aqueous 
solution at the completion of the allotted time for adsorption by using a bar magnet. The final 
concentrations of metal ion in the filtrates were determined by aspirating into FAAS. 
The percentage removal and adsorption capacity (qe) of metal ions were deduced from equations 
7.1 and 7.2, respectively. 
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     where Ci and Ceq is the initial and equilibrium Zn
2+
 and As
3+
 concentration in mg dm
-3
, qe is 
the adsorption capacity in mg g
-1
, m in mg is the mass of the adsorbent and V is the volume of the 
adsorbate solution used in dm
3
. 
7.1.5.   Real wastewater analysis 
The assessment of MNP-Maph for the removal of Cu
2+
 and Zn
2+
 in municipal wastewater was 
determined using nine different wastewater samples obtained from three different municipal 
wastewater treatment facilities in the Eastern Cape region of South Africa. Simulated water of 
similar initial metal ion concentrations was also prepared and assessed for the simultaneous 
removal of Cu
2+ 
and Zn
2+
. This was carried out at optimum conditions using 100 mg of adsorbent 
dose, 50 cm
3
 of adsorbate amount at pH 6.0 for 4 h and at a temperature of 20 
o
C. After agitation, 
the suspensions were filtered magnetically and the filtrates aspirated into FAAS for the final 
concentration of Cu
2+ 
and Zn
2+
. The final metal ions concentrations were used to determine the 
percentage adsorption and adsorption capacity for each metal ion using equations 7.1 and 7.2 
respectively. 
7.2.0.   Result and discussion 
The synthesis of MNP-Maph was successfully carried out and the characterization done using 
various techniques as described in our earlier reported study (Ojemaye et al., 2017). Due to the 
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increased removal of metal ions from aqueous solutions by azomethine functionalized magnetic 
nanoparticles, MNP-Maph as reported in previous chapters (Chapters 4, 5 and 6), the potential of 
the functionalized material for the removal of metal ions in a complex matrix system was 
examined so as to determine the efficiency of MNP-Maph for application in real-life scenarios in 
which wastewater samples contain complex matrix of contaminants simultaneously in solution. 
The removal efficiency of MNP-Maph in a single metal ion system is compared with those 
obtained in a complex metal ion matrix in the section. 
7.2.1.   Single metal ion system adsorption 
The removal of metal ions in a single adsorption system was conducted at pH 5.0 at different 
initial adsorbate concentration ranging from 10-100 mg dm
-3
. As observed in Figure 7.1, the 
removal of metal ions increases as adsorbate concentration increases. This can be ascribed to the 
fact that as initial adsorbate concentration increases, there is an enhanced equilibrium force 
required to surmount the resistance of the adsorbent-adsorbate thereby resulting into an increased 
adsorption capacity (Hamza et al., 2013). The order of removal of metal ions was noticed to be 
Pb
2+
 > Cu
2+
 > Zn
2+
 > As
3+
 (Figure 7.1). 
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Figure 7. 1 Adsorption of Cu
2+
, Pb
2+
, Zn
2+
 and As
3+
 in a single metal ion system by MNP-
Maph at pH 5.0, 4 h, 20 
o
C, adsorbent dose of 40 mg and 200 rpm. 
7.3.0.   Adsorption of metal ions in a competitive system  
7.3.1.   Effect of pH 
The solution pH is a major deciding factor that controls adsorption process especially heavy 
metal ions removal because it affects ion speciation and surface charge. The effect of pH on 
competitive adsorption of Cu
2+
, Pb
2+
, Zn
2+
 and As
3+
 by MNP-Maph from aqueous solution was 
evaluated from pH values 1-10 using 100 mg adsorbent, 50 cm
3
 each of adsorbate metal ion 
concentrations and 20 
o
C (Figure 7.2). The effect of pH indicates that the adsorption of all metal 
ions in solution increases as pH increases, the adsorption of As
3+
 was observed to decrease 
slowly as the pH of the solution attained 8.0. This is as a result of the presence of H
+
 at lower pH 
values which competes with the metal ions in solution for space on the surface of the adsorbent 
for binding and the precipitation of the metal ions to their hydroxides at pH values greater than 7. 
Therefore, the order of competitive removal of metal ions was Pb
2+
 > Cu
2+
 > As
3+
 > Zn
2+
. This 
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trend has been previously reported by other studies (Zhao et al., 2004; Abdel et al., 2012). For 
subsequent experiments on the competitive removal of metal ions from solution in this study, pH 
6.0 was adopted. 
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Figure 7. 2: Effect of pH in a competitive adsorption system at 20 
o
C, adsorbent dose of 100 
mg, 50 mg dm
-3
 adsorbate solution and 200 rpm for the removal of Cu
2+
, Pb
2+
, Zn
2+
 and 
As
3+
 by MNP-Maph. 
7.3.2.   Metal ion adsorption at the same initial concentration      
The simultaneous uptake of metal ions in a complex matrix involving equal amount of metal ions 
was conducted at pH 6.0. The percentage uptake of all metal ions except As
3+
 decreases as initial 
metal ion concentration increases (Figure 7.3A). Also Figure 7.3B shows the uptake of metal 
ions as a function of initial metal ion concentration. It can be observed that as the initial metal 
ion concentration increases, an increase in the adsorption capacity of the metal ions was noticed. 
In both situations, Pb
2+
 was observed to have the highest uptake and Zn
2+
 having the lowest 
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uptake across all concentrations. The adsorption capacity was in the sequence of Pb
2+
 (1.72 to 
13.12 mg g
-1
) > Cu
2+
 (1.80 to 12.00 mg g
-1
) > As
3+
 (1.51 to 11.91 mg g
-1
) > Zn
2+ 
(1.45 to 11.11 
mg g
-1 
(Figure 7.3B). Previous studies on the competitive adsorption of metal ions have reported 
that the adsorption capacity of metal ions in a complex mixture of contaminants is determined by 
the ionic radii of the metal ions in solution (Chen et al., 2010). Ionic radii of metal species is 
inversely proportional to their adsorption maximum, the smaller the ionic radii of a metal specie, 
the higher its adsorption capacity and on the other hand, the greater the ionic radii, the lower and 
weaker the adsorption capacity of the metal specie (Hillel, 1998). The ionic radii of the metal 
ions studied in this report is in the sequence Pb
2+
 (4.01 Å) < As
3+
 (4.17 Å) < Cu
2+
 (4.19 Å) < 
Zn
2+
 (4.30 Å). The trend of adsorption of the metal ions obtained in this study was slightly 
different from the sequence obtained for their ionic radii, results similar to this have been 
reported in previous studies (Srivastava et al., 2005; Sdiri et al., 2011). Although several studies 
have reported many investigations involving the competitive removal of metal ions in a complex 
matrix where similar trend was observed between adsorption capacity and ionic radii of metal 
ions in solution (Li et al., 2003; Sitko et al., 2013), the removal of metal ions from aqueous 
solution may sometimes depend majorly on the textural and functional properties of the 
adsorbent used (Oyetade et al., 2015) as also observed in this study. 
Data representing the competitive removal of metal ions at the same initial metal concentrations 
can be found in Appendix IV. 
210 
 
10 20 30 40 50 60 70 80
10
20
30
40
50
60
70
80
90
%
 A
d
s
o
rp
ti
o
n
C
i
 (mg g
-1
)
 Cu
2+
 Pb
2+
 Zn
2+
 As
3+
A
 
10 20 30 40 50 60 70 80
0
2
4
6
8
10
12
14
q
e
(m
g
 g
-1
)
C
i
 (mg dm
-3
)
 Cu
2+
 Pb
2+
 Zn
2+
 As
3+
B
         
Figure 7. 3: The adsorption of Cu
2+
, Pb
2+
, Zn
2+
 and As
3+
 by MNP-Maph at the same initial 
metal ion concentration at pH 6.0, 20 cm
3
 adsorbate amount and 4 h (A) percentage 
adsorption (%) and (B) amount adsorbed per unit mass (mg g
-1
).                
7.3.3.   Metal ion adsorption at different initial concentration 
The adsorption of metal ions in a competitive system is influenced by many factors, among 
which are the ratio of metal ions in a complex matrix of contaminants, the properties of the 
adsorbent materials and the nature of the metal ions. Herein, we consider the effect of initial 
metal ion concentration of competing metal ions in solution for the adsorption of a specific metal 
in aqueous solution by keeping its concentration at 25 mg dm
-3
 and varying competing metal ion 
concentrations from 10 to 50 mg dm
-3
. 
7.3.3.1.   Competitive adsorption of Pb
2+
 in the presence of Cu
2+
, Zn
2+
 and As
3+
 
The effect of the presence of other metal ions on the selective adsorption of Pb
2+
 was evaluated 
by fixing its concentration at 25 mg dm
-3
 while the varying the concentration of other competing 
ions between 10 – 50 mg dm-3.  
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Figure 7.4 indicates that the removal of all competing ions in solution decreases as initial metal 
ion concentration increases. The percentage adsorption of Pb
2+ 
with a fixed initial concentration 
decreases from 79.42 to 56.40 % as the initial metal ion concentration of other species in solution 
increases from 10 to 50 mg dm
-3
. The percentage removal of Cu
2+
 showed to be the highest 
among the metal ion in solution across all concentration from 82.52 to 59.48%. This observation 
showed that there is an increase in competition for binding on the active site on the adsorbent as 
a result of the presence of other competing ions in solution making Pb
2+
 removal not to be the 
highest. This same observation was also noticed for Zn
2+
 and As
3+
 removal with both metal ions 
having their own fair share of percentage adsorption from 64.01 to 29.89% and 69.56 to 39.25% 
respectively as the initial metal ion increases. 
The order of metal ion removal when Pb
2+
 was fixed at a particular concentration and other metal 
ions were varied was observed to be Cu
2+ 
> Pb
2+ 
> As
3+ 
> Zn
2+
. The data showing the 
experimental result for this process can be found in Appendix IV. 
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Figure 7. 4: Multi component adsorption of Pb
2+
 at constant concentration of 25 mg dm
-3
 
and varying concentrations of Cu
2+
, Zn
2+
 and As
3+
. (conditions: pH 6.0, 100 mg adsorbent 
dose, 4 h, 20 
o
C and 200 rpm). 
7.3.3.2.    Competitive adsorption of Cu
2+
 in the presence of Pb
2+
, Zn
2+
 and As
3+
 
The influence of the presence of varying concentration of other competing ions on the removal 
Cu
2+
 was conducted at pH 6.0 using 100 mg dose of adsorbent and 20 
o
C. The adsorption of Cu
2+
 
gradually decreases as the concentration of other competing ions (Figure 7.5) increases. The 
percentage removal of Cu
2+
 ion was observed to be the highest among metal ions in solution with 
percentage adsorption efficiency ranging from 88.66 to 57.30% as the concentration of other 
competing ions increases from 10 to 50 mg dm
-3
. The percentage removal of other competing 
ions in solution with the exception of As
3+
 also decreases as their metal ion concentration 
increases. This trend could be ascribed to the presence of competing ions jostling for binding on 
the active site of the adsorbent. Observation similar to this was reported by Oyetade et al. (2015). 
The percentage removal of Pb
2+
 and Zn
2+
 across all initial concentration is in the range of 80.77 
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to 50.74% and 58.91 to 22.60% respectively. The removal of As
3+
 did not result into a significant 
decrease as its concentration increases; as a result this was not influenced by a change in 
concentration. The order of removal of competing ions can be observed to be Cu
2+ 
> Pb
2+
 > As
3+
 
> Zn
2+
.  
The experimental data for this adsorption is shown in Appendix IV.  
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Figure 7. 5: Multi component adsorption of Cu
2+
 at constant concentration of 25 mg dm
-3
 
and varying concentrations of Pb
2+
, Zn
2+
 and As
3+
. (conditions: pH 6.0, 100 mg adsorbent 
dose, 4 h, 20 
o
C and 200 rpm). 
7.3.3.3.   Competitive adsorption of Zn
2+
 in the presence of Cu
2+
, Pb
2+
 and As
3+
 
The competitive removal of Zn
2+
 at a fixed concentration (25 mg dm
-3
) in the presence of 
varying amount (10 to 50 mg dm
-3
) of other ions was conducted at pH 6.0 for 4 h by using 100 
mg adsorbent dose and at 20 
o
C (Figure 7.6). The percentage removal of Zn
2+
 was observed to 
increase as the initial concentration of competing ions increases. Although the removal 
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efficiency of Zn
2+
 was not seen to be the highest, the affinity of Zn
2+
 by MNP-Maph was still 
noticeable even at higher concentrations of other metal ions. This same observation was noticed 
for other metal ions in solution with Cu
2+
 having the highest removal efficiency across all 
temperatures. The trend for the uptake of metal ions at fixed initial Zn
2+
 concentration is in the 
order Cu
2+
 > Pb
2+
 > As
3+
 > Zn
2+
. 
Experimental data for the uptake of Zn
2+
 at 25 mg dm
-3
 in the presence of varying concentrations 
(10 to 50 mg dm
-3
) of Cu
2+
, Pb
2+
 and As
3+
 is presented in Appendix IV. 
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Figure 7. 6: Multi component adsorption of Zn
2+ 
at constant concentration of 25 mg dm
-3
 
and varying concentrations of Cu
2+
, Pb
2+
 and As
3+
. (conditions: pH 6.0, 100 mg adsorbent 
dose, 4 h, 20 
o
C and 200 rpm). 
7.3.3.4.   Competitive adsorption of As
3+
 in the presence of Cu
2+
, Pb
2+
 and Zn
2+
 
The effect of the presence of varying concentration of other metals ions on the removal of As
3+
 
from aqueous solution was conducted at pH 6.0, for 4 h by using 100 mg adsorbent dose and at 
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20 
o
C (Figure 7.7). The uptake of As
3+
 was observed to decrease as the initial concentration of 
other ions in solution increases. Although the As
3+
 uptake was not the highest in the adsorption 
process, the uptake was still very high with percentage removal going from 70.35 to 30.95% with 
its removal efficiency decreasing as the initial metal ion concentration of other competing metal 
increases. Cu
2+
 again showed higher removal efficiency compared to all other ions in solution. 
The removal of Cu
2+
 and every other ion in solution decreases as their initial concentration 
increases from 10 to 50 mg dm
-3
. The order of removal can be found to be Cu
2+
 > As
3+
 > Pb
2+
 > 
Zn
2+
. 
Experimental data showing this adsorption is presented in Appendix IV. 
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Figure 7. 7: Multi component adsorption of As
3+
 at constant concentration of 25 mg dm
-3
 
and varying concentrations of Cu
2+
, Pb
2+
 and Zn
2+
. (conditions: pH 6.0, 100 mg adsorbent 
dose, 4 h, 20 
o
C and 200 rpm). 
 
216 
 
7.3.4.   Analysis of municipal wastewater 
The assessment of MNP-Maph for the removal of Cu
2+
 and Zn
2+
 in municipal wastewater was 
determined using nine different wastewater samples obtained from three different municipal 
wastewater treatment facilities in the Eastern Cape region of South Africa. Simulated water of 
similar initial metal ion concentrations was also prepared and assessed for the simultaneous 
removal of Cu
2+ 
and Zn
2+
. Although the initial metal ion concentration of Cu
2+
 and Zn
2+
 in the 
wastewater samples were within 10 mg dm
-3
, the initial As
3+
 concentration was found to be 
within 1 mg dm
-3
, attempt to spike the As
3+
 concentration, will alter the adsorbent metal ion 
binding affinity, ionic configuration and metal speciation of the samples, thereby influencing the 
real adsorption efficiency of other metal ions in solution. Hence, we conducted competitive 
adsorption on the real wastewater samples by MNP-Maph for Cu
2+
 and Zn
2+
 sequestering only 
since their initial concentrations are within measureable amounts.  The removal efficiencies of 
Cu
2+
 and Zn
2+
 in all the water samples were observed to be greater than 80% and 70% 
respectively (Table 7.1) as it is in the case of simulated water. This result therefore indicates that 
MNP-Maph is a promising adsorbent for the uptake of metal ions in a complex contaminant 
matrix going by the result obtained in this study. Also, the adsorption method employed in this 
study is efficient enough when employed to municipal wastewater for the simultaneous removal 
of contaminants.                                            
Table 7. 1: Analytical data for municipal wastewater samples at pH 6.0, 200 rpm, 20 
o
C, 
100 mg of adsorbent, 50 cm
3 
of adsorbate for 4 h 
Wastewater 
treatment plants 
Ci (mg 
dm
-3
)  
Ceq (mg 
dm
-3
)                  
Mass (g)             Volume      
(dm
3
) 
% adsorbed 
(%) 
217 
 
Metal 
ion 
Simulated water 10.02    1.08 0.105  0.05 89.22 
 Adelaide      
 
 
 
 
Cu
2+
 
 Influent 10.21 1.78 0.100 0.05 82.57 
After Aeration 9.37 1.69 0.101 0.05 81.96 
Effluent 10.64 1.93 0.113 0.05 81.86 
Berlin      
Influent 9.76 1.82 0.100 0.05 81.35 
 After Aeration 9.50 1.89 0.108 0.05 80.11 
Effluent 9.42 1.93 0.103 0.05 79.51 
Seymour      
Influent 10.54 2,02 0.101 0.05 80.83 
After Aeration 10.01 1.96 0.100 0.05 80.42 
Effluent 9.84 1.86 0.100 0.05 81.10 
 
 
 
Simulated water 10.00    1.88 0.105  0.05 81.20 
Adelaide      
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Zn
2+
 
 
 
 
 
Cu
2+
 
 Influent 9.90 2.97 0.100 0.05 70.0 
After Aeration 9.55 2.75 0.101 0.05 71.20 
Effluent 8.96 2.59 0.113 0.05 71.09 
Berlin      
Influent 10.13 2.96 0.100 0.05 70.78 
After Aeration 10.79 3.16 0.108 0.05 70.71 
Effluent 11.24 3.26 0.103 0.05 71.00 
Seymour      
Influent 11.60 3.35 0.101 0.05 71.12 
After Aeration 11.33 3.15 0.100 0.05 72.20 
Effluent 10.61 2.94 0.100 0.05 72.29 
 
7.4.   Conclusion 
Investigation into the competitive removal of heavy metal ions from aqueous solution by MNP-
Maph was conducted through some batch adsorption experiment. Two adsorption component 
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systems, single and competitive systems were assessed to know the extent and trend of the 
uptake of heavy metal ions.  
The uptake of metal ions in a single component system was considerably high with adsorption in 
the sequence Pb > Cu > Zn > As while in the competitive adsorption system, the sequence of 
uptake was from Cu > Pb > As > Zn in all but one of the systems studied. The removal 
efficiencies of metal ions in a competitive system were low compared to the result obtained in a 
single adsorption system; this is because in a competitive adsorption system, there is a strong 
competition for binding onto the surface of the active site on MNP-Maph irrespective of their 
initial metal ion concentration. 
Attempt made to employ MNP-Maph for the removal of Cu
2+
 and Zn
2+
 from municipal 
wastewater, a typical complex contaminant matrix suggested that removal efficiencies for Cu
2+
 
and Zn
2+
 were considerably high with more than 80% and 70% uptake observed respectively. 
This therefore demonstrates the suitability of MNP-Maph to sequestially remove divalent and 
trivalent metal ions from wastewater in real-life situations confirming the adsorptive potentials of 
MNP-Maph for future applications. 
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Abstract 
Investigation into the reduction of Cr(VI) in aqueous solution was carried out through some 
batch photocatalytic studies. The photocatalysts used were silica coated nickel ferrite 
nanoparticles (NiFe2O4-SiO2), nickel ferrite titanium dioxide (NiFe2O4-TiO2), nickel ferrite silica 
titanium dioxide (NiFe2O4-SiO2-TiO2) and titanium dioxide (TiO2). The characterization of the 
materials prepared via step wise synthesis using co-precipitation and sol gel methods were 
carried out with the aid of: x-ray diffraction (XRD), transmission electron microscopy (TEM), 
scanning electron microscopy (SEM) and fourier transform infra red (FTIR) spectroscopy, 
thermal gravimetric analysis (TGA) and vibrating sample magnetometry (VSM). The reduction 
efficiency was studied as a function of pH, photocatalyst dose and contact time. The effect of 
silica interlayer between the magnetic photocatalyst materials reveal that reduction efficiency of 
(NiFe2O4-SiO2-TiO2) towards Cr(VI) was higher than that of (NiFe2O4-TiO2). However, TiO2 
was observed to have the highest reduction efficiency at all batch photocatalytic experiments. 
Kinetics study shows photocatalytic reduction of Cr(VI) obeyed Langmuir-Hinshelwood model 
and first order rate kinetics. Regenerability study also suggested that the photocatalyst materials 
can be reused. 
8.0.   Introduction 
Heavy metal pollution has become one of the most serious environmental problems today. Their 
toxicity and persistence have made their treatment and remediation from the environment 
pertinent. Wastewater containing hazardous metals generated by industries is continually 
discharged into the environment especially fresh water resources causing severe health risks. 
These toxic metals unlike organic contaminants are not biodegradable and when accumulated in 
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the body causes severe damage and sometimes death (Fu and Wang, 2011).  Chromium is one of 
the most frequently found metals in the environment because of its usage in major industries 
such as metal plating, petrochemicals, mining, fertilizer, tanneries, batteries, pesticides and paper 
industries (Kieber et al., 2002; Testa et al., 2004) but it is a source of concern and risk to human 
because of its toxicity, cancer causing tendencies and free movement in water. Different valence 
forms of chromium are known but in water bodies, Cr(VI) and Cr(III) forms are most common. 
The valence state of chromium determines its behavior. Whereas Cr(III) is immobile and non 
toxic, Cr(VI) is highly toxic, cancerous and mobile (Chakrabarti et al., 2009). In the past, 
extensive studies on various techniques of Cr(VI) removal from wastewater have been reported. 
These include, coagulation (Zahrim and Hilal, 2013), membrane separation and ion exchange 
(Ahmad et al., 2002), solvent extraction and electrochemical destruction (Ma et al., 2001), 
ozonation and aerobic/anaerobic microbial degradation (Robinson et al., 2001; Jonnalagadda and 
Nadupalli, 2004). Despite the availability of these techniques, limitations encountered with these 
technologies such as cost, high energy requirement and large use of reducing agents (Shaban, 
2013) are noticeable draw backs. Also, semiconductor photocatalysts such as titanium dioxide 
(TiO2), zinc oxide (ZnO), cadmium sulfide (CdS), tin oxide (SnO) and tungensten oxide (WO3) 
etc have been employed for the reduction of Cr(VI) in wastewater. Although titanium dioxide 
photocatalyst have shown to be the most efficient due to its superior oxidation and reduction 
capability, non toxicity, low cost of preparation, chemical and biological inertness (Luo et al., 
2009; Wang et al., 2014; He et al., 2015; Yao et al., 2015), however, problems such as difficulty 
of separation and recycling of photocatalyst materials from wastewater are encountered. Efforts 
made to overcome these problems include supporting titania on silica, glass, zeolite and fibre 
glass (Ma et al., 2001; Yamazaki et al., 2001; Arabatzis et al., 2002; Shan et al., 2010). Also, 
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magnetic nanoparticles have been reported as supports to aid the recycling and ease the 
separation of titanium photocatalyst but all these reduces the photocatalytic activity of titanium 
dioxide to an extremely low point due to the immobility of the photocatalyst and low mass 
transfer rate. To address these problems, the use of magnetic photocatalysts containing various 
molar ratios of magnetic nanoparticles and TiO2 as well as the use of an inert layer such as silica 
between titania and magnetic nanoparticles allows for easy separation with the aid of an external 
magnet and recyclability while maintaining the photocatalytic properties of titania (Su et al., 
2012).  
In this study, we report on the effectiveness of magnetic titanium dioxide nanocomposite with 
silica interlayer (NiFe2O4-SiO2-TiO2) to photocatalytically reduce Cr(VI) in aqueous solution. In 
addition, NiFe2O4-TiO2 nanocomposite, TiO2 photocatalyst and NiFe2O4-SiO2 were synthesized 
and assessed for Cr(VI) reduction. Furthermore, the photocatalytic activities of the photocatalyst 
composites were compared to determine if the introduction of silica interlayer enhanced the 
reduction of Cr(VI) from aqueous solution.  The nanocomposites were prepared by stepwise 
methods starting with co-precipitation followed by the hydrolysis of SiO2 and TiO2 for NiFe2O4-
SiO2-TiO2 and hydrolysis of only TiO2 for NiFe2O4-TiO2. Most published works are on the use 
of titanium dioxide-carbon nanocomposite and titanium dioxide photocatalysts on the reduction 
of Cr(VI) in aqueous solutions (Chakrabarti et al., 2009; Shaban, 2013) and to the best of our 
knowledge, there has been no report on the use and comparison of the photocatalytic 
performance of NiFe2O4-SiO2-TiO2 and NiFe2O4-TiO2 nanocomposites for the reduction of toxic 
Cr(VI) from aqueous solution. The optimum conditions necessary for Cr(VI) reduction were also 
investigated using batch photocatalytic adsorption processes involving the effect of pH, contact 
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time and catalyst dose. Regenerability studies using the spent photocatalyst materials were also 
carried out on the reduction of Cr(VI) in aqueous solution to determine their reusability. 
8.1.   Experimental 
8.1.1.   Chemicals 
All Chemicals used were of analytical grade. Titanium (IV) isopropoxide 97%, titanium 
tetrachloride and diethoxyl dimethylsilane were purchased from Sigma Aldrich, Guateng, South 
Africa while NiCl2.6H2O, FeCl3.6H2O, potassium dichromate salt, NaOH, HCl and absolute 
ethanol (HPLC grade) were purchased from Merck Chemicals Ltd, South Africa. Deionized 
water was used for the experiment. 
8.1.2.   Preparation of nickel ferrite nanoparticles 
Nickel ferrite nanoparticles were prepared by the co-precipitation method (Maaz et al., 2007). 
Molar solutions of FeCl3.6H2O and NiCl2.6H2O in ratio 2:1 were prepared and 30 cm
3
 of each 
solution were mixed and stirred under nitrogen for 30 min. NaOH of 10 mol dm
-3
 was slowly 
added to the reacting mixture until the pH of the mixture attained 11. The temperature of the 
reaction mixture was taken up to 80 
o
C and the mixture was allowed to stir for another 90 min 
under an inert nitrogen condition. The large amount of precipitate generated was filtered, washed 
twice with ethanol and severally with deionized water with repeated centrifugation at 4000 rpm 
for 10 min until the pH was about 7 and dried overnight at 80 
o
C. 
8.1.3.   Preparation of NiFe2O4-SiO2 
SiO2 was used to coat the surface of NiFe2O4 using the method of Laohhasurayotin et al. (2012) 
with slight modification. A 300 mg of NiFe2O4 nanoparticle placed in a 250 cm
3
 round bottom 
flask was dispersed in 25 cm
3
 solution of ethanol using a water bath ultrasonicator for 1 h. 
Diethoxydimethylsilane (0.7 cm
3
) and 30% NH3 (0.6 cm
3
) were both added gradually while 
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stirring in the sonicator bath for 3 h at 25 
o
C. The resulting precipitate was collected by 
centrifugation after washing severally with water and dried overnight at 80 
o
C followed by 
calcination at 450 
o
C for 2 h. 
8.1.4.   Preparation of titanium dioxide photocatalyst 
In a 200 cm
3
 of deionized water placed in an ice bath with vigorous stirring, 11 cm
3 
of titanium 
tetrachloride was added drop wise. The resulting solution was allowed to undergo hydrolysis by 
heating at 80 
o
C for 30 min. Sodium hydroxide solution was used to adjust the pH to around 8-9. 
The white precipitate formed was washed thoroughly with deionized water to remove excess 
chloride ions and was collected via centrifugation and dried in an oven at 70 ˚C overnight. The 
white powder obtained after oven drying was calcined at 450 
o
C for 2 h. 
8.1.5.   Preparation of nanocomposite samples (NiFe2O4-SiO2-TiO2 and NiFe2O4-TiO2) 
Nanocomposites were prepared using the sol-gel method. 200 mg of NiFe2O4-SiO2 nanoparticles 
in a round bottom flask was dispersed in 25 cm
3
 ethanol and sonicated in an ultrasonic water 
bath apparatus for 60 min at room temperature. 0.1M HCl solution was used to adjust the pH of 
the suspension to 4.0. Titanium (IV) isopropoxide (0.2 cm
3
) in 10 cm
3 
ethanol was slowly added 
into the suspension above and ultrasonicated while stirring for 4 h at 80 
o
C to ensure uniformity 
of mixture. The precipitate obtained was filtered, washed with ethanol and then deionized water 
until the pH was about 7.0. The particles were left to age at room temperature for 1 h and then 
dried overnight at 80 
o
C and later calcined at 450 
o
C for 2 h. For the synthesis of NiFe2O4-TiO2, 
the same method was followed except that NiFe2O4 was used Laohhasurayotin et al. (2012). 
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8.1.6.   Characterization 
Characterization of the synthesized materials was done using XRD to determine the crystallite 
size, crystalline phase and purity of the photocatalysts. This was recorded on a Bruker D8 
Advanced, equipped with a proportional counter using Cu Kα radiation (λ = 1.5405 Ȧ, nickel 
filter). Scanning electron microscope (SEM) images were recorded using JOEL JSM-6390 
LVSEM. Transmission electron microscope (TEM) was done to determine the shape and 
confirm the particle size of the material. Fourier transform infrared (FTIR) spectroscopy was 
used to observe the vibrations of the composite samples. Perkin-Elmer Universal ATR sampling 
accessory spectrum 100 FT-IR spectrometer was used to collect the IR spectra of the samples. 
Thermal gravimetric analyzer was used to determine the purity and thermal stability of the 
materials, Thermo-gravimetric analysis (TGA) was performed using a Perkin Elmer TGA 4000 
analyzer. The magnetic property of the photocatalyst composites were quantified using a cryogen 
free physical measurement vibrating sample magnetometer (VSM) at a temperature range of 1.8 
to 310 K with a magnetic system of 14 tesla.  
8.1.7.   Photocatalytic experiment 
To evaluate the photocatalytic capability of the prepared photocatalyst against the reduction of 
Cr(VI) in aqueous solution, a photocatalytic reactor made of a 500 cm
3
 glass beaker, an orbital 
shaker and a mercury (Hg) lamp of a wavelength of 254 nm were employed (Fig 8.1). Typically, 
10 mg/L of potassium dichromate solution was used. Before UV illumination, 200 mg of 
photocatalyst was suspended in 100 cm
3
 potassium dichromate solution in a 500 cm
3
 beaker 
covered with a parafilm to prevent evaporation and subjected to agitation at 120 rpm for 30 
minutes in the dark to ensure the attainment of equilibrium of adsorption or desorption between 
Cr(VI), photocatalyst and water. This solution was then irradiated with 9 W Hg-lamp at room 
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temperature. The mixture was centrifuged and filtered through a 0.22 micrometer membrane 
filter after 300 min and the final concentration of Cr(VI) was determined using a UV-Vis 
spectrophotometer at 350 nm. The effect of pH, time and catalyst dose was studied for each 
photocatalyst to determine the optimum conditions necessary for photocatalysis. The 
photocatalytic reduction efficiency (RE) was calculated using the formula below (equation 8.1):    
                                   
where Co is the initial concentration of Cr(VI) solution, C is the absorbance of Cr(VI) solution at 
the irradiation time (t).  
                                                                                                         
 
Figure 8. 1: Analytical data for municipal wastewater samples at pH 6.0, 200 rpm, 20 
o
C, 
100 mg of adsorbent, 50 cm
3 
of adsorbate for 4 h.           
9 W Hg Lamp 
50 cm 
Beaker with photocatalyst and Cr(VI) 
solution 
Orbital shaker rotating at 120 rpm. 
Sample on an orbital shaker 
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8.1.8.   Regenerability study 
In a 50 cm
3
 beaker, 50 mg of spent photocatalyst materials were agitated with 25 cm
3
 of 0.1N 
NaOH for 1 h. The titanium dioxide photocatalyst was collected by filtration and the magnetic 
photocatalyst composites were separated from the solution by an external magnet. The materials 
were dried in an oven at 105 
o
C overnight and reused two more times for the photocatalytic 
reduction of Cr(VI) in aqueous solution. The % reduction of Cr(VI) after 3 runs was calculated 
using equation 8.1. 
8.2.   Results and discussion 
The synthesized photocatalysts were characterized using different techniques to confirm that 
they will be effective for the reduction of Cr(VI) in aqueous solution. The effect of silica 
interlayer on the magnetic photocatalyst for the reduction of Cr(VI) was investigated and 
compared with that of TiO2 and bare magnetic titanium dioxide composite sample by means of 
some batch photocatalytic experiments.  
8.2.1.   Characterization of photocatalysts 
X-ray diffraction patterns of NiFe2O4-SiO2, NiFe2O4-TiO2, NiFe2O4-SiO2-TiO2 as well as that of 
titanium dioxide photocatalyst are shown in Fig 8.2. The most intense diffraction peaks and the 
average crystallite size spacing D observed experimentally were compared and indexed using 
JCPDS, Card no (10-0325) and (021-1272) for NiFe2O4 and TiO2 in the spinel and anatase phase 
respectively. From Fig 8.2, it is observed that sharp and intense peaks for NiFe2O4-SiO2 
observed at 2Ѳ values of 30.5, 35.5, 44.0, 54.0, 63.0, 75.0 with corresponding planes of (220), 
(311), (400), (422), (440), (533) and (511) indicate that NiFe2O4 is the main phase and shows the 
crystalline nature of the sample (Su et al., 2012), the SiO2 peaks is not observed because of its 
amorphous nature while the peaks observed at 2ϴ values for TiO2 photocatalyst of 25.5, 48, 55, 
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71 with corresponding planes of (101), (202), (105) and (116) alongside the peaks and planes of 
NiFe2O4 in the XRD pattern of NiFe2O4-SiO2-TiO2 and NiFe2O4-TiO2 composite samples show 
the successful incorporation of NiFe2O4-SiO2 and NiFe2O4 respectively in the composite 
catalysts (Li et al., 2009; Álvarez et al., 2010). The crystallite size of NiFe2O4, NiFe2O4-TiO2, 
NiFe2O4-SiO2-TiO2 and TiO2 obtained using scherrer formula with (311) and (101) diffraction 
peaks for NiFe2O4 and TiO2 respectively are listed in Table 8.1. The analysis shows that as the 
composite sample is formed, the crystallite size of NiFe2O4 decreases which is evident in the 
weakening of the line intensities of NiFe2O4 and that nickel ferrite possesses a cubic spinel 
structure while the titanium dioxide exists in the anatase crystalline phase which is in agreement 
with recently published report (Hamad et al., 2015). 
     Table 8. 1: Composition and crystallite size of NiFe2O4-SiO2 and photocatalysts 
 
Samples 
Crystallite size 
of NiFe2O4 (nm) 
 Crystallite size 
of TiO2 (nm) 
Composition 
of TiO2 (%) 
NiFe2O4-SiO2 29.90 - - 
NiFe2O4-TiO2 29.67 22.88 68.13 
NiFe2O4-SiO2-
TiO2 
29.49 20.07 63.60 
TiO2 - 18.62 100.0 
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Figure 8. 2: XRD pattern of NiFe2O4-SiO2 nanoparticle, NiFe2O4-SiO2-TiO2, NiFe2O4-TiO2 
and TiO2 photocatalysts.      
Fig 8.3 shows the FT-IR spectra of (A) NiFe2O4-TiO2 and (B) NiFe2O4-SiO2-TiO2. The 
absorption bands between 3354.08 cm
-1
 and 3328.40 cm
-1
 in both spectra
 
are ascribed to the 
stretching mode of the hydroxyl groups on the surface of the photocatalysts. This is important as 
it enhances the photocatalytic activity of TiO2 by providing higher capacity for the adsorption of 
oxygen (Hamad et al., 2015). Bands observed at 456.84 cm
-1
 and 430.33 cm
-1
 for NiFe2O4-TiO2 
and NiFe2O4-SiO2-TiO2 respectively are assigned to the stretching vibrations of Ti-O in anatase 
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TiO2 as described by Li et al. (2015). However, a band observed at 1068.69 cm
-1
 corresponding 
to the Si-O-Si stretching vibration in the FT-IR spectra of NiFe2O4-SiO2-TiO2 confirmed the 
introduction of SiO2 in the composite sample and this band was found to be absent in the spectra 
of NiFe2O4-TiO2 photocatalyst. This SiO2 phase is however not observed in the XRD pattern and 
the absence is due to the fact that SiO2 occurs in the amorphous phase and this observation has 
been reported in recently published results (Huang and Chen, 2004; Guo et al., 2011; Su et al., 
2012; Hamad et al., 2015). This therefore confirms the successful synthesis of the composite 
photocatalyst materials. 
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  Figure 8. 3: FTIR Spectra of (A) NiFe2O4-TiO2 and (B) NiFe2O4-SiO2-TiO2 photocatalysts.                                                                                
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SEM was used to investigate the structural morphology of the photocatalysts and NiFe2O4-SiO2 
nanoparticles. Fig. 8.4 shows the SEM images of (a) NiFe2O4-SiO2, (b) TiO2 (c) NiFe2O4-TiO2 
and (d) NiFe2O4-SiO2-TiO2 at the same magnification. It was observed that spherical 
nanoparticles where exclusively obtained. However, high degree of agglomeration and different 
surface morphologies was observed in Fig. 4a for the NiFe2O4-SiO2. This may be due to the 
magnetic attraction between nickel ferrite and silica layers. Fig. 8.4c and d show that the 
nucleation of NiFe2O4-TiO2 and NiFe2O4-SiO2-TiO2 is heterogeneous with high degree of 
roughness on the surface, this effect is not observed in the pristine or pure photocatalyst (TiO2) 
(Fig. 8.4b) (Hamad et al., 2015). Fig. 8.4b indicates that spherical shaped and few TiO2 
aggregate nanoparticles resulting from the hydrolysis of titanium dioxide precursors was 
obtained. This same observation was reported in a study by Yang and Zeng (2004).  
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Figure 8. 4: SEM images of (a) NiFe2O4-SiO2 (b) TiO2 (c) NiFe2O4-TiO2 and (d) NiFe2O4-
SiO2-TiO2 at the same magnification. 
Images collected on TEM were used to observe the structure, size and distribution of the 
materials produced. Fig. 8.5A shows the TEM micrograph of the NiFe2O4-SiO2 nanoparticles 
with an average size of 33.80 nm. From the graph, it can be seen that thin silica layers were used 
to coat the NiFe2O4 nanoparticles. The TEM micrograph of NiFe2O4-TiO2 (Fig. 8.5B) shows a 
relatively rough spherical shaped particle. The TEM image observed at Fig. 8.5c for NiFe2O4-
SiO2-TiO2 showed similar pattern as that obtained in Fig. 8.5B except that the silica layer was 
seen in between NiFe2O4 and TiO2 as shown in Fig. 8.5C inset, similar result have been reported 
in literature confirming the successful synthesis of nanoparticles and photocatalyst composites 
(Wu et al., 2011; Laohhasurayotin et al., 2012; Palanisamy et al., 2013; Hamad et al., 2015). 
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Also Fig. 8.5D shows the TEM image of TiO2 photocatalyst, the image shows that the 
synthesized TiO2 photocatalyst consisted mainly of elementary particles of size ranging from 15 
to 26 nm which is consistent with the results obtained from the XRD analysis (Table 8.1). 
 
Figure 8. 5: TEM micrographs of (A) NiFe2O4-SiO2 nanoparticle, (B) NiFe2O4-TiO2 (C) 
NiFe2O4-SiO2-TiO2 and (D) TiO2 Photocatalysts. 
The thermographs of the NiFe2O4-SiO2 and photocatalyst materials are given in Figure 8.6. 
NiFe2O4-SiO2 is more stable than the photocatalyst materials at all temperatures. The loss of 
weight observed between 20–200 oC for the photocatalyst materials in the thermograph is due to 
the removal of OH and H2O indicating the presence of water molecules as also observed in their 
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FTIR spectra (Palanisamy et al., 2013). However, above 200 
o
C, the photocatalyst composites 
did not show any loss of weight, this confirms the stability of the materials even at higher 
temperatures suggesting that the presence of magnetic nanoparticles improved the stability of 
TiO2. Weight loss above 200 
o
C for TiO2 shows that titanium dioxide can be unstable at higher 
temperatures. 
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                        Figure 8. 6: Thermograph of NiFe2O4-SiO2 and Photocatalysts. 
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Figure 8.7 shows the magnetization curves of the silica coated NiFe2O4 nanoparticles and the 
magnetic photocatalyst composites. It can be observed that the saturation magnetization value of 
the silica coated NiFe2O4 is much higher than the magnetic titanium dioxide photocatalyst, this is 
as a result of the non magnetic character of TiO2 present in the composite samples which 
decreases the magnetization value of the NiFe2O4 in the composite. Although, magnetic 
photocatalyst with silica interlayer (NiFe2O4-SiO2-TiO2) was observed to have a slightly higher 
saturation magnetization value than the NiFe2O4-TiO2, this may be due to the presence of the 
SiO2 on the NiFe2O4 which reduces the influence of the TiO2 on the magnetic nanoparticles. This 
result therefore indicates that both magnetic photocatalyst composite materials exhibit 
supermagnetic properties at room temperature and it will enable and enhance the separation and 
recovery of hybrid materials from aqueous solution using an external magnetic field. 
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Figure 8. 7: Magnetization hysteresis of NiFe2O4-SiO2 and photocatalyst composites at 25 
o
C. 
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8.2.2.   Photocatalytic Experiment 
The photocatalytic reduction of Cr(VI) by NiFe2O4-SiO2, NiFe2O4-TiO2, NiFe2O4-SiO2-TiO2 and 
TiO2 was studied for its efficient reduction in contaminated wastewater. The reduction 
efficiencies of the photocatalysts were compared to determine the photocatalyst with the best 
capability to reduce Cr(VI). The effect of pH, time and catalyst dose were studied to determine 
the optimum conditions for Cr(VI) reduction. Desorption studies were also studied for all the 
photocatalysts to ascertain the reusability of the photocatalysts.  
8.2.2.1.   Effect of solution pH 
Solution pH in photocatalytic experiments is a vital factor to be considered as it can affect the 
surface charge of the photocatalyst. It has been reported that TiO2 surface has three different 
species in water, TiOH
+
, TiOH and TiO
-
 (Shaban, 2013). At pH values higher than 5.5 (point of 
zero charge of TiO2 photocatalyst), the surface of TiO2 will have TiO
-
 species which repels 
Cr(VI) thereby affecting its adsorption on the surface of TiO2 and with pH value less than 5.5, 
the surface will be positively charged and Cr(OH)3 will be formed as a precipitate on the surface 
of TiO2 which therefore aids the adsorption of Cr(VI) so that Cr(III) is deposited on the TiO2 
surface (Shifu and Gengyu, 2005; Wang et al., 2007). Consequently, the effect of solution pH 
was carried out by exposing to UV light a known concentration of dichromate solution for 1 h 
with photocatalyst at room temperature. The solutions were adjusted to obtain an initial pH range 
of 2-10 using 0.1 mol dm
-3
 HCl or NaOH as the case may be. The effect of pH on the 
photocatalytic reduction of Cr(VI) using NiFe2O4-SiO2, NiFe2O4-TiO2, NiFe2O4-SiO2-TiO2 and 
TiO2 under UV light is presented in Fig. 8.8. The result showed that reduction efficiency of 
Cr(VI) increases as the solution pH decreases from 6 to 2 and reduces as the pH increases from 6 
to 10 for NiFe2O4-TiO2, NiFe2O4-SiO2-TiO2 and TiO2 but for NiFe2O4-SiO2 nanoparticle, there 
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was about 2% reduction of Cr(VI) at pH 10 and no photocatalytic reduction at all in the pH range 
lower than 10, this can be attributed to the fact that NiFe2O4-SiO2 nanoparticles have little or no 
photocatalytic properties for the reduction of Cr(VI) in aqueous solution and that adsorption of 
Cr(VI) on its surface might have taken place. This trend is in agreement with previously 
published data (Ma et al., 2012; Shaban, 2013) on the reduction of Cr(VI) in aqueous solution 
indicating that in this study the process is determined by the adsorption of Cr(VI) on the surface 
of the photocatalysts and reduction efficiency is favoured in acidic solutions. Although the 
reduction of Cr(VI) was best in TiO2 photocatalyst, for the composite samples, reduction 
efficiency was observed to be higher for NiFe2O4-SiO2-TiO2 than in NiFe2O4-TiO2 at all pH 
levels (Fig 8.8), this could be attributed to the SiO2 interlayer present in the former. Similar result 
has been reported by Álvarez et al., (2010). All other photocatalytic reduction studies were 
conducted at a pH value of 4, since this value is within the reduction range for all the 
photocatalysts considered in this study. 
Photocatalytic experimental data for the effect of pH on the reduction of Cr(VI) by photocatalyst 
materials can be found in Appendix V.                     
8.2.2.2.   Effect of irradiation time 
In order to ascertain the irradiation time required to achieve maximum reduction, the 
photocatalytic reduction of Cr(VI) in aqueous solution using NiFe2O4-SiO2, NiFe2O4-TiO2, 
NiFe2O4-SiO2-TiO2 and TiO2 photocatalyst was conducted for different time intervals. Fig. 8.9 
shows that photocatalytic reduction efficiency increases as the irradiation time increases for 
NiFe2O4-TiO2, NiFe2O4-SiO2-TiO2 and TiO2 photocatalysts while no reduction was observed for 
NiFe2O4-SiO2. Also, Cr(VI) solution reached 96.5% photocatalytic reduction using NiFe2O4-
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SiO2-TiO2 within 300 min of UV irradiation compared to the 60% photocatalytic reduction using 
NiFe2O4-TiO2 in 300 min. This higher photocatalytic reduction can be attributed to the SiO2 
interlayer covering and preventing the NiFe2O4 core from reducing the photocatalytic property of 
TiO2 in the composite of NiFe2O4-SiO2-TiO2. This result is similar to the result obtained in a 
reported study (Álvarez et al., 2010). This result reveals that the introduction of SiO2 as an 
interlayer between magnetic titanium dioxide photocatalyst improved its photocatalytic 
properties and aids magnetic separation from aqueous solution. It is worthy of note that the best 
photocatalytic reduction was obtained within 240 min with TiO2 photocatalyst (96.7% reduction 
efficiency). NiFe2O4-SiO2 and blank did not show any reduction in Cr(VI) after 300 min, this 
implies that NiFe2O4-SiO2 and UV irradiation without photocatalyst cannot reduce Cr(VI) in 
aqueous solution.     
Photocatalytic experimental data for the reduction of Cr(VI) by using photocatalyst materials as 
a function of time can be found in Appendix V.                     
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Figure 8. 8: Effect of solution pH on the photocatalytic reduction of Cr(VI) (10 mg/L) for 
NiFe2O4-SiO2 and photocatalysts at 20 
o
C, 120 rpm for 1 h irradiation time under UV light. 
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Figure 8. 9: Effect of irradiation time on the photocatalytic reduction of Cr(VI) (10 mg/L) 
for blank, NiFe2O4-SiO2 and photocatalyst materials at 20 
o
C, pH 4, 120 rpm and under 
UV light. 
8.2.2.2.1.   Kinetic Study 
The photoreduction of Cr(VI) in aqueous solution over different photocatalyst materials was 
plotted against irradiation time. Experimental data were fitted to the Langmuir-Hinshelwood (L-
H) kinetic model (equation 8.2): 
 
 
where r is the rate of photoreduction (mg L
-1
 min
-1
), C is the concentration of the reactant (mg L
-
1
), k is the equilibrium constant for the adsorption of Cr(VI) onto photocatalyst surface, t 
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represents the equilibrium time and Kr represents the specific reaction rate constant for the 
oxidation of the reactants (mg L
-1
 min
-1
) (Lou et al., 2007). Consequently, using pseudo first-
order kinetics, equation (8.2) can be simplified with an apparent first-order rate constant, Kapp 
and by integrating it, equation (8.3) is obtained: 
                              
  where Co represents the initial Cr(VI) concentration. When ln (Co/C) is plotted against time (t), 
a straight line obtained indicates that the datas obtained from the photocatalytic reduction of 
Cr(VI) using photocatalyst materials obeyed Langmuir-Hinshelwood (L-H) kinetic equation and 
the slope is the apparent first-order rate constant, Kapp. Since R
2
 helps to determine how exact the 
actual value is to the mean value, it can be observed in Fig. 8.10, that a straight line was obtained 
from the datas with R
2
 values of 0.96136, 0.94901 and 0.97108 and corresponding Kapp values of 
0.00289 min
-1
, 0.01049 min
-1
 and 0.01371 min
-1
 for NiFe2O4-SiO2, NiFe2O4-SiO2-TiO2 and TiO2 
respectively indicating that all the data fitted well into the linear equation                           
                                                                                                                                 
for the photocatalytic reduction of Cr(VI) solution conducted at pH 4.0 and 200 mg of NiFe2O4-
SiO2 and photocatalyst materials. The photocatalytic experiments successfully fitted well into the 
Langmuir-Hinshelwood (L-H) kinetic model and is described by the pseudo-first order kinetics 
suggesting that a surface reaction where Cr(VI) was absorbed at the rate determining step for the 
process. Similar result have been reported by Ku and Jung (2001) and Sun et al., (2006) 
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Figure 8. 10: Linear plot of Ln Co/C against time (t) for the reduction of Cr(VI) using 200 
mg of NiFe2O4-SiO2 and photocatalysts. 
8.2.2.3.   Effect of catalyst dose 
The increasing effect of the amount of photocatalyst dose as a function of time on the reduction 
of Cr(VI) was studied by varying the amount of the photocatalysts ranging from 50- 200 mg. Fig. 
8.11 illustrates the dependence of different photocatalysts composite dose on the photocatalytic 
reduction of Cr(VI) in aqueous solution under UV light. An increase in the reduction capacity of 
Cr(VI) was observed for all photocatalysts from 50 mg, 100 mg, 150 mg and 200 mg catalyst 
dose (Fig. 8.11A, B, C and D). Also, as the photocatalyst dose increases from 50 mg to 200 mg, 
the time for complete photocatalytic reduction decreases, this is attributed to the fact that as the 
mass of photocatalyst is increased, the total number of active sites on the photocatalyst surface 
also increases thereby resulting in an increase in the amount of electrons which can be used for 
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the photoreduction of Cr(VI). In increasing the photocatalyst dose beyond 200 mg, there exists a 
turbidity of the suspension which therefore reduces the penetration of light. Also, catalyst 
amount beyond 200 mg resulted to an aggregation, these cause a decrease in the number of 
active sites on the TiO2 surface available for Cr(VI) reduction thereby resulting into a decrease in 
the performance of the photocatalysts (Shaban, 2013). 
                                                         
 
Figure 8. 11: Effect of catalyst dose on the photocatalytic reduction of 100 cm
3 
10 mg/L 
Cr(VI) at 120 rpm in the presence of (A) 50 mg (B) 100 mg (C) 150 mg and (D) 200 mg of 
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NiFe2O4-SiO2 and photocatalysts under UV light at room temperature and 300 min 
irradiation time. 
However, NiFe2O4-SiO2 did not reduce Cr(VI) in aqueous solutions for all photocatalyst dose 
confirming again its non photocatalytic capabilities towards Cr(VI) reduction in wastewater.  
Experimental data for the reduction of Cr(VI) in aqueous solution by using synthesized 
photocatalysts as a function of catalyst dose can be found in Appendix V. 
8.2.3.   Regenerability and reusability study  
For the use of the synthesized photocatalysts in the industry, it is important to test for the 
reusability potential of the spent photocatalysts for cost reduction and availability of 
photocatalysts for photocatalysis and environmental safety by limiting the disposal of secondary 
pollutants into the environment. In order to ascertain the reusability of these photocatalyst 
materials, 0.1 M NaOH was used to treat photocatalyst materials by agitating for 1 h. The choice 
of 0.1 M NaOH as the eluent for regeneration is attributed to the fact that the favourable pH for 
the reduction of Cr(VI) in aqueous solutions is the acidic pH range as earlier observed. 
Therefore, basic pH was not favourable for the adsorption of Cr(VI) on the photocatalysts 
surfaces and invariably weakens the force of adsorption under basic conditions. The result for the 
reuse of the photocatalyst materials for the reduction of Cr(VI) in 10 mg/L Cr(VI) solution after 
3 cycles or runs are presented in Table 8.2. The result indicates that although the time for which 
the reduction of Cr(VI) occurred was slightly higher, the regenerated photocatalysts were still 
effective for the reduction of Cr(VI) in aqueous solution after 3 cycles or runs. TiO2 showed 
better regenerability after 3 cycles or runs as it was able to reduce Cr(VI) completely after 270 
min while NiFe2O4-SiO2-TiO2 had 68.92 % reduction efficiency after 300 min and NiFe2O4-TiO2 
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50.36 % reduction efficiency. These results signify that the photocatalyst materials can be 
regenerated for reuse and that NiFe2O4-SiO2-TiO2 again performed better than NiFe2O4-TiO2 
showing better reusability. It is worth knowing that NiFe2O4-SiO2 was not tested for its 
reusability in this study since it did not show any photocatalytic activity towards the reduction of 
Cr(VI) in aqueous solution. 
Table 8. 2: Reusability study showing the % reduction efficiency of Cr(VI) after 3 runs 
using 200 mg photocatalyst at pH 4 for 300 min. 
Time(min)  1
st
 run 
(%) 
  2
nd
 run              
(%) 
  3
rd
 run 
(%) 
 
 NT NST TiO2 NT NST TiO2 NT NST TiO2 
0 0 0 0 0 0 0 0 0 0 
5 0.497 0.551 0.92 0.408 0.503 0.844 0.259 0.294 0.621 
15 3.683 4.974 11.60 2.961 4.426 10.248 2.004 3.636 8.33 
30 9.576 11.602 29.28 8.491 10.816 28.661 6.219 7.56 19.509 
60 14.512 20.626 43.64 13.62 19.534 42.963 9.531 10.86 30.621 
90 17.311 38.31 54.69 16.011 24.525 50.215 12.538 14.229 44.335 
120 22.449 41.44 71.27 21.966 38.661 62.55 18.88 19.48 56.804 
150 25.23 66.85 80.29 24.606 51.599 75.53 20.795 26.585 68.5 
180 33.333 78.45 89.50 31.961 66.231 82.08 26.216 33.551 76.13 
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210 41.768 83.61 94.29 40.31 72.741 89.09 32.706 48.606 82.61 
240 48.674 88.95 96.69 48.001 79.495 94.77 36.592 56.07 90.0 
270 54.788 92.82 100 53.662 85.536 100 44.68 61.254 100 
300 60.424 96.50     100 59.311 90.08 100 50.361 68.92 100 
Key: NT- Nickel titanium dioxide photocatalyst 
        NST- Nickel silane titanium dioxide photocatalyst 
8.3.   Conclusion 
The successful preparation of magnetic photocatalyst (NiFe2O4-SiO2-TiO2) by coating NiFe2O4, 
a magnetic core with a SiO2 interlayer and hydrolyzing with photocatalytic TiO2 was achieved. 
In addition, TiO2 in an anatase phase, NiFe2O4-TiO2 and NiFe2O4-SiO2 were also synthesized for 
the reduction of Cr(VI) in aqueous solution. FTIR and XRD analysis confirmed the formation 
and co-existence of anatase TiO2 and spinel NiFe2O4 while microscopic studies revealed that 
TiO2 photocatalyst was deposited on ferrite nanoparticle in the composites. Photocatalytic 
experiments show that NiFe2O4-SiO2-TiO2 has higher reduction efficiency than magnetic 
titanium dioxide without silica interlayer (NiFe2O4-TiO2). TiO2 was observed to be the best 
photocatalyst for the reduction of Cr(VI) in a simulated wastewater sample with 96.7% reduction 
efficiency within 240 min while NiFe2O4-SiO2-TiO2 has 96.5% reduction efficiency within 300 
min and NiFe2O4-TiO2 gave 60% reduction efficiency within 300 min of UV irradiation. This 
study demonstrates that incorporating silica layer between magnetic core and photocatalyst such 
as titanium dioxide can significantly improve and enhance the photocatalytic properties without 
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affecting the magnetic recovery of magnetic titanium dioxide nanocomposites in aqueous 
solutions, therefore, making them suitable photocatalysts for wastewater decontamination. 
As the pH reduces, the reduction efficiency of all photocatalysts for Cr(VI) in wastewater 
increases. Also, increase in the photocatalyst dose increases the reduction capacity towards 
Cr(VI) in aqueous solution. Kinetic study shows that reduction of Cr(VI) by photocatalyst 
materials took place at the surface of the materials obeying Langmuir-Hinshelwood (L-H) kinetic 
model and described by the pseudo-first order kinetics. The regeneration of photocatalyst 
materials was successful, suggesting that reusability of the spent materials for the reduction of 
secondary pollutants is possible. Thus, the synthesized photocatalyst material (NiFe2O4-SiO2-
TiO2) showed great and enhanced capabilities for the removal of contaminants from the 
environment through photocatalysis. 
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General conclusions and recommendation 
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Pollution of water by hazardous metals is a serious environmental problem. With stringent 
environmental regulations on the release of wastewater containing heavy metals into the 
environment and the continuous demand for clean, affordable and potable water, it then becomes 
extremely important to develop various efficient and reliable technologies and materials for the 
removal of heavy metals from wastewater. Very recently, many different modifications have 
been reported for the use of magnetic nanoparticles for the removal of heavy metals from 
aqueous solutions, the development of highly efficient and separable adsorbent using azomethine 
group as its active site and their application in decontaminating wastewater have not been 
reported.  
In this study, a novel azomethine functionalized magnetic nanoparticles (MNP-Maph) was 
developed for the removal of heavy metals (Cu
2+
, Zn
2+
, As
3+
, Pb
2+
 and Hg
2+
) from aqueous 
solution by adsorption. The novel material developed was synthesized via covalent bonding 
between amine surface modified magnetic nanoparticles (MNP-NH2) and schiff base ligand, 4-
{[(E)-phenylmethylidene]amino}benzoic acid (Maph-COOH) in the presence of carbodiimide 
and 4-dimethylaminopyridine. Batch adsorption studies involving the change in pH, contact 
time, adsorbent dose, adsorbate concentration and temperature were assessed for each adsorption 
process. Also, silica modified magnetic titanium dioxide (NiFe2O4-SiO2-TiO2) was synthesized 
alongside magnetic titanium dioxide (NiFe2O4-TiO2) and titanium dioxide (TiO2) photocatalysts 
and their photocatalytic performances were compared for the reduction of Cr(VI) in aqueous 
solution.   
The characterization of the synthesized materials indicates the successful synthesis of the 
materials. FT-IR spectra revealed the successful incorporation of azomethine, -C=N group onto 
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the surface of MNP-NH2 by the appearance of C=N str in the spectra of MNP-Maph at 1642 cm
-1
 
along with the Fe-O str for magnetic nanoparticles at 586.63 cm
-1
. This result was complemented 
by the XRD diffractogram in which the major peaks associated with both MNP-NH2 and Maph-
COOH were both observed in the diffractogram of MNP-Maph. Although the microscopic 
images did not reveal a phase and morphology change in the images of unmodified magnetic 
nanoparticles and functionalized magnetic nanoparticles showing that the introduction of 
azomethine onto the surface of magnetic nanoparticles did not affect the shape of the magnetic 
nanoparticles, the TGA curves revealed that about 4 % of schiff base ligand was introduced onto 
the surface of magnetic nanoparticles which will aid the removal of heavy metals from solution.   
The silica modified magnetic titanium dioxide (NiFe2O4-SiO2-TiO2), magnetic titanium dioxide 
(NiFe2O4-TiO2) and titanium dioxide (TiO2) synthesized were also characterized using FT-IR, 
XRD, TGA, TEM, SEM and VSM. The appearance of Si-O-Si stretching vibration in the FT-IR 
spectra of NiFe2O4-SiO2-TiO2 at 1068.69 cm
-1
 confirmed the presence of silica interlayer 
between magnetic nanoparticles and titanium dioxide. Similarly, bands at 530.84 cm
-1
 and 
485.33 cm
-1
 resulting from vibrations ascribed to Ti-O and Fe-O showed that photocatalyst 
composite samples have been prepared. The peak observed at 1068.69 cm
-1
 for Si-O-Si was 
conspicuously missing in the FT-IR spectra of NiFe2O4-TiO2 and TiO2 confirming that silica has 
been successful introduced between magnetic nanoparticles and titanium dioxide. Result similar 
to this was observed in the XRD diffractogram of all materials synthesized. However, VSM 
analysis showed that NiFe2O4-SiO2-TiO2 exhibits superior paramagnetic properties than 
NiFe2O4-TiO2 and TiO2 revealing that the introduction of silica as interlayer between MNPs and 
TiO2 did not influence adversely its magnetic properties. 
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The adsorption of Cu
2+ 
from aqueous solutions by MNP-Maph investigated at pH 5.0 showed 
that pseudo-second kinetic model and Langmuir isotherm best describe the adsorption process 
with increased removal efficiency noticed as the temperature increases from 293 – 318 K with a 
Langmuir maximum adsorption capacity (qm) from 34.08 to 48.24 mg g
-1
 showing that this novel 
adsorbent can be directly utilized to the treatment of wastewater since the temperature at the 
treatment sites are usually beyond ambient temperatures. Also thermodynamic study revealed a 
spontaneous, feasible and rapid adsorption of Cu
2+
 by MNP-Maph. The process was observed to 
be endothermic in nature. The uptake of Cu
2+
 by MNP-Maph was observed to be favourably 
comparable with earlier published reports indicating the efficiency of the adsorbent to effectively 
remove contaminants from aqueous solution. 
The utilization of MNP-Maph for the removal of Zn
2+
 and As
3+
 from aqueous solutions was 
carried out at pH 6.7 and 6.0 respectively. Effect of time indicates that adsorption of Zn
2+
 and 
As
3+
 reached maximum at about 60 minutes for Zn
2+
 and adsorption-desorption behavior was 
noticeable in the uptake of As
3+
 especially in the first 5 minutes. This is as a result of the 
exchange of As
3+
 ions with other ions on the surface of the adsorbent, equilibrium was attained 
after this time. The processes were observed to follow the pseudo-second kinetic model. Effect 
of temperature indicates that higher temperature favoured the removal of both metal ions from 
solutions with Langmuir maximum adsorption isotherm, qm increasing from 35.83 to 54.53 mg g
-
1
 for Zn
2+
 and 50.08 to 57.60 mg g
-1
 for Zn
2+
 and As
3+
 respectively. Thermodynamic study 
showed that the processes were spontaneous, rapid and endothermic by using MNP-Maph. 
The uptake of Pb
2+
 and Hg
2+
 by adsorption onto MNP-Maph showed that varying pH of the 
solution from 1 to 10, as adsorption efficiency increases as pH increases with adsorption 
maximum at 6 and 7 for Pb
2+
 and Hg
2+
 respectively. Adsorption of Pb
2+
 and Hg
2+
 from aqueous 
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solution carried out at pH 6 and 7 respectively showed that uptake of both metal ions followed 
pseudo-second order kinetic model and Langmuir isotherm model. Increase in temperature of the 
reaction vessel, increases the uptake of Pb
2+
 and Hg
2+
 with Langmuir maximum adsorption 
isotherm, qm increasing from 58.24 to 84.25 mg g
-1
 and 59.24 to 75.02 mg g
-1
 for Pb
2+
 and Hg
2+ 
respectively. Spontaneity characterized the adsorption processes as observed from the negative 
value of ∆Go obtained from the uptake of Pb2+. Other thermodynamic parameters studied for the 
uptake of Pb
2+
 revealed that removal was rapid and endothermic in nature.  
The application of MNP-Maph for a single and competitive component solution systems 
revealed that uptake was influenced by solution pH and initial metal ion concentration. The 
sequence of adsorption followed Pb > Cu > As > Zn in both systems and adsorption in a single 
component system was observed to be higher for all metals than in a competitive component 
system. Application of this material for the uptake of Cu
2+
 and Zn
2+ 
in nine different municipal 
wastewater samples showed that removal efficiency was above 80% and 70% respectively. This 
result indicates the efficacy of MNP-Maph to selectively remove metal ions from wastewater in a 
real life situation. 
The photocatalytic reduction of Cr(VI) in aqueous solution by using silica modified magnetic 
nanoparticles (NiFe2O4-SiO2), magnetic titanium dioxide (NiFe2O4-TiO2), silica interlayered 
magnetic titanium dioxide (NiFe2O4-SiO2-TiO2) and titanium dioxide (TiO2) was investigated. 
The photocatalytic experiment conducted at pH 4 indicates a higher reduction efficiency for the 
reduction of Cr(VI) with silica interlayered magnetic titanium dioxide compared to magnetic 
titanium dioxide with no silica interlayer. Although, titanium dioxide was observed to possess 
the highest photocatalytic reduction of Cr(VI), the silica interlayer between magnetic 
nanoparticles and titanium dioxide in the composite samples, was noticed to have influenced the 
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photocatalytic performance of Cr(VI) in aqueous solution. Effect of time showed percentage 
reduction was 96.7 % at 240 min using TiO2, 96.5 % at 300 min using NiFe2O4-SiO2-TiO2 and 
60.0% at 300 min using NiFe2O4-TiO2. The photocatalytic process was observed to obey 
Langmuir-Hinshelwood kinetic model. 
Regenerability study involving the reusability performance of all synthesized materials showed 
remarkable reusability potential with the desorption of all contaminants from the surface of the 
materials having a high performance. Subsequent usage of these materials for contaminant 
removal/reduction in aqueous solution also showed good reusability performance. 
Hence, it can be concluded that magnetic nanoparticles based materials are effective and efficient 
for the removal or reduction of heavy metals from aqueous solutions and their separation from 
aqueous solutions could be achieved by magnetic means aiding the easy separation of materials 
from solution. Therefore, these materials should be further explored for the removal of heavy 
metals from aqueous solutions. 
As a result of these outcomes, the following recommendation is given: 
1. The use of this novel material for the removal of heavy metals in a complex mixture of 
contaminants in wastewater is highly recommended based on our findings in this study. 
Future prospects to be pursued: 
1. An incorporation of azomethine functionalized magnetic nanoparticles for the removal of 
heavy metals in municipal wastewater treatment plants should be conducted. 
2. The application of this material for the removal of organic and microbial contaminants 
from water/wastewater should be explored. 
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Appendix I 
Experimental data for the adsorption of Cu
2+
 by MNP-Maph 
  
                                 
Figure A-I.3: Proton NMR of Maph-COOH. 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 
f1 (ppm) 
0 
50 
100 
150 
200 
250 
300 
350 
400 
Apr01-2016-COOH 
PROTON DMSO {C:\Bruker\TopSpin3.2\data\KAO1\data\nmr} KAO1 3  
2 . 5 
1 
6 . 5 
3 
6 . 5 
6 
7 . 3 
0 
7 . 3 
3 
7 . 5 
3 
7 . 5 
6 
7 . 6 
0 
7 . 6 
3 
7 . 9 
0 
7 . 9 
4 
7 . 9 
5 
7 . 9 
7 
8 . 0 
0 
8 . 0 
0 
8 . 6 
4 
1 0 . 
0 2 
N
O
OH
264 
 
 
                     
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 
f1 (ppm) 
-2000 
0 
2000 
4000 
6000 
8000 
10000 
12000 
14000 
16000 
18000 
20000 
22000 
24000 
26000 Apr01-2016-COOH 
C13CPD DMSO {C:\Bruker\TopSpin3.2\data\KAO1\data\nmr} KAO1 3  
3 8 . 
6 9 
3 8 . 
9 6 
3 9 . 
2 4 
3 9 . 
5 2 
3 9 . 
8 0 
4 0 . 
0 8 
4 0 . 
3 5 
1 1 2 
. 5 5 
1 2 0 
. 9 8 
1 2 7 
. 9 7 
1 2 8 
. 9 4 
1 3 0 
. 5 9 
1 3 1 
. 9 2 
1 3 5 
. 6 9 
1 5 5 
. 4 2 
1 6 2 
. 3 5 
1 6 7 
. 0 0 
N
O
OH
              Figure A-I.4: C-13 NMR of Maph-COOH. 
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                         Figure A-I.5: pHpzc plot of MNP-NH2 and MNP-Maph. 
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Figure A-I.4: Fitting of experimental data into kinetic models: pseudo first order, pseudo 
second order, elovich model and intra particle diffusion for the adsorption of Cu
2+
 from 
aqueous solution by MNP-Maph. 
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Figure A-I.5: Experimental data fitting into isotherm models for the adsorption of Cu
2+
 
onto MNP-Maph Langmuir and Freudlich isotherm models. 
 
Table A-I. 1: Kinetic models investigated for the adsorption of Cu
2+
 
Kinetics model                        Equation     Parameters References 
Pseudo-first order   
 
       qe,  k1 (Fuente-Cuesta et al., 
2015) 
Pseudo-second order 
 
 
       qe, k2 (Fuente-Cuesta et al., 
2015) 
Elovich             α, β (Liu and Liu, 2008) 
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Intraparticle diffusion 
 
         kid, l (Ho and McKay, 
2000) 
qt, amount of adsorbate adsorbed at time t (mg g
-1
); qe, amount of adsorbate adsorbed at 
equilibrium (mg g
-1
); α, adsorption rate constant (mg g-1 min-1); β, desorption rate constant (g 
mg
-1
); k1, pseudo-first order rate constant (min
-1
); k2, pseudo-second order rate constant (g mg
-1
 
min-1); kid, intraparticle diffusion rate constant (mg g
-1
 min
0.5
); l= boundary layer thickness 
constant (mg g
-1
). 
 Table A-I. 2: Isotherm models investigated for the adsorption of Cu
2+
 
Isotherm model                        Equation     Parameters References 
Langmuir 
 
       qm,  b (Liu and Liu, 2008; 
Zolgharnein and 
Shahmoradi, 2010) 
Freudlich 
 
       n, KF (Auffan et al., 2008) 
qeq = adsorption capacity (mg g
-1
); Ceq = concentration of adsorbate in solution at equilibrium ( 
mg dm
-3
); qm = maximum monolayer capacity (mg g
-1
); b, Langmuir isotherm constant (dm
3
 mg
-
1
); KF, Freudlich isotherm constant (mg g
-1
)(dm
3
 mg
-1
); n = adsorption intensity. 
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Table A-I. 3: AAS operating conditions for Cu
2+
 determination 
Wavelength 324.8 nm 
Radiation source Hollow cathode lamp 
Inert gas Argon 
Burner height 7 mm 
Flame type Air-acetylene 
Background correction  D2 
Nebuliser uptake 4 secs 
Fuel flow 1.1 L/min 
Band pass 0.5 nm 
Lamp current 75 % 
  
Table A-I. 4: Experimental data for the effect of pH on the adsorption of Cu
2+
 by MNP-
Maph. (conditions: contact time: 24 h, agitation speed 200 rpm, temperature 20 
o
C, 
adsorbent dose 40 mg,  adsorbate conc 100 mg dm
-3
 and volume of 20 cm
3
) 
pH Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
1 105.55 98.15 0.0403 0.02 7.01 3.67 
2 105.55 91.59 0.0400 0.02 13.23 6.98 
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3 105.55 71.91 0.0405 0.02 31.87 16.61 
4 105.55 24.87 0.0403 0.02 76.44 40.04 
5 105.55 9.74 0.0401 0.02 90.77 47.79 
6 105.55 8.4 0.0400 0.02 92.04 48.58 
7 105.55 0 0.0406 0.02 100 51.99 
8 105.55 0 0.0409 0.02 100 51.61 
9 105.55 0 0.0400 0.02 100 52.78 
10 105.55 0 0.0402 0.02 100 52.51 
 
Table A-I. 5: Experimental data for the effect of pH on the adsorption of Cu
2+
 by MNP-
NH2. (conditions: contact time: 24 h, agitation speed 200 rpm, temperature 20 
o
C, 
adsorbent dose 40 mg, adsorbate conc 100 mg dm
-3
 and volume of 20 cm
3
) 
pH Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
1 102.52 100 0.04 0.02 2.46 1.26 
2 102.52 94.89 0.0403 0.02 7.44 3.79 
3 102.52 57.92 0.0405 0.02 43.50 22.03 
4 102.52 38.37 0.0401 0.02 62.57 31.99 
5 102.52 10.71 0.04 0.02 89.55 45.91 
6 102.52 9.03 0.0403 0.02 91.19 46.40 
7 102.52 0 0.0405 0.02 100 50.63 
8 102.52 0.88 0.0406 0.02 99.14 50.07 
9 102.52 1.08 0.0402 0.02 98.95 50.47 
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10 102.52 0 0.04 0.02 100 51.26 
 
Table A-I. 6: Experimental data for the effect of time on the adsorption of Cu
2+
 by MNP-
Maph. (conditions: pH 5.0, agitation speed 200 rpm, temperature 20 
o
C, adsorbent dose 40 
mg, adsorbate conc 100 mg dm
-3
 and volume of 20 cm
3
) 
Time 
(min) 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass 
(g) 
Vol (cm
3
) % Adsorbed qe (mg g
-
1
) 
0 106.99 106.99 0.04 0.02 0 0 
1 106.99 38.96 0.041 0.02 63.59 33.19 
3 106.99 28.89 0.0409 0.02 73.00 38.19 
5 106.99 23.98 0.0396 0.02 77.59 41.93 
10 106.99 17.04 0.04 0.02 84.08 44.98 
15 106.99 12.37 0.0406 0.02 88.44 46.61 
30 106.99 6.73 0.0406 0.02 93.71 49.39 
45 106.99 4.39 0.0407 0.02 95.89 50.42 
60 106.99 2.21 0.0409 0.02 97.94 51.24 
90 106.99 2.40 0.04 0.02 97.76 52.30 
120 106.99 2.31 0.0405 0.02 97.84 51.70 
180 106.99 4.91 0.0394 0.02 95.41 51.82 
240 106.99 1.81 0.041 0.02 98.31 51.31 
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Table A-I. 7: Experimental data for the effect of time on the adsorption of Cu
2+
 by MNP-
Maph. (conditions: pH 5.0, agitation speed 200 rpm, temperature 20 
o
C, adsorbent dose 40 
mg, adsorbate conc 50 mg dm
-3
 and volume of 20 cm
3
) 
Time 
(min) 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass 
(g) 
Vol (cm
3
) % Adsorbed qe (mg g
-
1
) 
0 49.74 49.74 0.04 0.02 0 0 
1 49.74 11.86 0.0409 0.02 76.15 18.52 
3 49.74 10.03 0.0405 0.02 79.83 19.61 
5 49.74 7.18 0.039 0.02 85.57 21.83 
10 49.74 2.99 0.0405 0.02 93.98 23.09 
15 49.74 3.95 0.04 0.02 92.06 22.90 
30 49.74 3.35 0.039 0.02 93.27 23.79 
45 49.74 2.19 0.0391 0.02 95.59 24.32 
60 49.74 0.05 0.040 0.02 98.90 24.85 
90 49.74 0 0.0403 0.02 100 24.69 
120 49.74 0 0.0405 0.02 100 24.56 
180 49.74 0 0.0401 0.02 100 24.81 
240 49.74 0 0.04 0.02 100 24.87 
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Table A-I. 8: Experimental data for the Effect of time on the adsorption of Cu
2+
 by MNP-
Maph. (conditions: pH 5.0, agitation speed 200 rpm, temperature 20 
o
C, adsorbent dose 40 
mg, adsorbate conc 10 mg dm
-3
 and volume of 20 cm
3
) 
Time 
(min) 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass 
(g) 
Vol (cm
3
) % Adsorbed qe (mg g
-
1
) 
0 10.07 10.07 0.04 0.02 0 0 
1 10.07 3.22 0.0408 0.02 68.02 3.36 
3 10.07 1.75 0.0416 0.02 82.60 3.99 
5 10.07 1.67 0.041 0.02 83.45 4.10 
10 10.07 1.23 0.0394 0.02 87.81 4.49 
15 10.07 0.93 0.0404 0.02 90.79 4.52 
30 10.07 0.34 0.039 0.02 96.59 4.97 
45 10.07 0.33 0.0399 0.02 96.75 4.88 
60 10.07 0.12 0.0393 0.02 98.83 5.06 
90 10.07 0 0.0422 0.02 100 4.77 
120 10.07 0 0.040 0.02 100 5.03 
180 10.07 0 0.0401 0.02 100 5.02 
240 106.99 0 0.0391 0.02 100 5.15 
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Table A-I. 9: Experimental data for the effect of temperature on the adsorption of Cu
2+
 by 
MNP-Maph. (conditions: pH 5.0, agitation speed 200 rpm, time 4 h, adsorbent dose 40 mg 
and volume of 20 cm
3
) 
T (K) Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % Adsorbed qe (mg g
-1
) 
293 K 12 0.80 0.0404 0.02 93.33 5.54 
 22 1.72 0.0412 0.02 92.19 9.85 
 32 3.03 0.0402 0.02 90.53 14.41 
 42 5.05 0.04 0.02 87.98 18.48 
 52 7.04 0.0404 0.02 86.46 22.26 
 62 9.76 0.0402 0.02 84.26 24.88 
 72 12.94 0.0408 0.02 82.03 28.95 
 82 19.27 0.0414 0.02 76.51 30.31 
 92 24.95 0.0414 0.02 72.88 32.39 
 102 37.08 0.0420 0.02 63.65 30.91 
303 K 12 0.74 0.04 0.02 93.83 5.63 
 22 1.82 0.04 0.02 91.74 10.09 
 32 2.93 0.04 0.02 90.84 14.54 
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 42 4.95 0.04 0.02 88.21 18.53 
 52 6.94 0.04 0.02 86.65 22.53 
 62 8.87 0.0420 0.02 85.69 25.30 
 72 11.76 0.0414 0.02 83.67 29.10 
 82 18.03 0.0406 0.02 78.01 31.51 
 92 23.95 0.04 0.02 73.96 34.02 
 102 36.49 0.04 0.02 64.23 32.76 
313 K 12 0.73 0.04 0.02 93.89 5.63 
 22 1.79 0.0402 0.02 91.83 10.05 
 32 2.93 0.0406 0.02 90.84 14.32 
 42 4.71 0.04 0.02 88.79 18.65 
 52 6.77 0.0402 0.02 86.97 22.50 
 62 8.82 0.04 0.02 85.78 26.59 
 72 11.59 0.04 0.02 83.90 30.21 
 82 17.89 0.04 0.02 78.07 32.01 
 92 23.08 0.0402 0.02 74.92 34.29 
 102 35.96 0.04 0.02 64.74 33.02 
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318 K 12 0.72 0.0402 0.02 93.98 5.61 
 22 1.87 0.04 0.02 91.50 10.06 
 32 3.04 0.04 0.02 90.49 14.48 
 42 4.75 0.04 0.02 88.69 18.62 
 52 6.87 0.0404 0.02 86.78 22.34 
 62 8.81 0.0418 0.02 85.80 25.45 
 72 10.01 0.04 0.02 86.09 30.99 
 82 16.92 0.04 0.02 79.37 32.54 
 92 21.97 0.04 0.02 76.12 35.02 
 102 30.29 0.0420 0.02 70.30 34.15 
Table A-I. 10: Analytical data for real wastewater samples at pH 5.0, 200 rpm, 20 
o
C, 0.035 
g of adsorbent, 20 cm
3
 of adsorbate for 4 h 
Wastewater 
treatment 
plants 
Ci (mg 
dm
-3
)  
Ceq (mg 
dm
-3
)                  
Mass 
(g)           
Volume      
(dm
3
) 
% adsorbed 
(%) 
qe (mg g
-
1
) 
Simulated 
water 
11.02    0.77 0.035  0.02 93.01 5.86 
Adelaide       
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Influent 12.44 1.78 0.0357 0.02 85.69 5.97 
After 
Aeration 
12.01 1.69 0.035 0.02 85.93 5.90 
Effluent 11.76 1.63 0.0352 0.02 86.14 5.76 
Alice       
Influent 9.66 1.37 0.0352 0.02 85.82 4.71 
After 
Aeration 
9.70 1.39 0.0352 0.02 85.67 4.72 
Effluent 9.42 1.4 0.0354 0.02 85.14 4.53 
Seymour 
Influent 11.80 1.76 0.0351 0.02 85.09 5.72 
After 
Aeration 
11.56 1.68 0.0350 0.02 85.47 5.65 
Effluent 11.21 1.59 0.0356 0.02 85.82 5.41 
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           Figure A-I.6: (A) SEM image and (B) TEM image of spent MNP-Maph. 
279 
 
Appendix II 
Experimental data for the adsorption of Zn
2+
 and As
3+
 from aqueous solution by MNP-
Maph 
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Figure A-II.6: Fitting of experimental data into kinetic models (A) pseudo first order (B) 
pseudo second order (C) Elovich model and (D) intra particle diffusion for the adsorption 
of Zn
2+
 from aqueous solution by MNP-Maph. 
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Figure A-II.7: Fitting of experimental data into kinetic models (A) pseudo first order (B) 
pseudo second order (C) Elovich model and (D) intra particle diffusion for the adsorption 
of As
3+
 from aqueous solution by MNP-Maph.                      
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Figure A-II.8: Experimental data fitting into isotherm models for the adsorption of Zn
2+
 
onto MNP-Maph (A) Langmuir and (B) Freudlich isotherm models. 
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Figure A–II.9: Experimental data fitting into isotherm models for the adsorption of As3+ 
onto MNP-Maph (A) Langmuir and (B) Freudlich isotherm models. 
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Table A-II. 1: AAS operating conditions for Zn
2+
 and As
3+
 determination 
Parameters  Zn
2+
 As
3+
 
Wavelength  213.9 nm 193.7 nm 
Radiation source  Hollow cathode lamp Hollow cathode lamp 
Inert gas  Argon Argon 
Burner height  7 mm 11 mm 
Flame type  Air-acetylene Nitrous oxide-acetylene 
Background correction   D2 D2 
Nebuliser uptake  4 secs 4 secs 
Fuel flow  1.2 L/min 4.2 L/min 
Band pass  0.5 nm 0.5 nm 
Lamp current  75 % 75 % 
  
Table A-II. 2: Experimental data for the effect of pH on the adsorption of Zn
2+
 by MNP-
Maph. (conditions: contact time: 24 h, agitation speed 200 rpm, temperature 20 
o
C, 
adsorbent dose 40 mg,  adsorbate conc 100 mg dm
-3
 and volume of 20 cm
3
) 
pH Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
1 99.31 80.23 0.0404 0.02 19.21 9.45 
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2 99.31 77.53 0.0401 0.02 21.93 10.86 
3 99.31 71.82 0.0401 0.02 27.69 13.71 
4 99.31 60.99 0.0409 0.02 38.58 18.74 
5 99.31 53.41 0.0409 0.02 46.22 22.45 
6 99.31 42.00 0.0406 0.02 57.71 28.23 
7 99.31 31.53 0.0399 0.02 68.25 33.97 
8 99.31 26.50 0.04 0.02 73.32 36.41 
9 99.31 23.04 0.0403 0.02 76.80 37.85 
10 99.31 23.21 0.04 0.02 76.63 38.05 
  
Table A-II. 3: Experimental data for the effect of pH on the adsorption of As
3+
 by MNP-
Maph. (conditions: contact time: 24 h, agitation speed 200 rpm, temperature 20 
o
C, 
adsorbent dose 40 mg, adsorbate conc 100 mg dm
-3
 and volume of 20 cm
3
) 
pH Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
1.08 100.67 89.89 0.0409 0.02 10.71 5.27 
2 100.67 73.54 0.04 0.02 26.96 13.57 
3.03 100.67 59.53 0.0397 0.02 40.87 20.73 
4.07 100.67 40.23 0.0418 0.02 60.04 28.92 
5.08 100.67 35.33 0.0409 0.02 64.91 31.95 
6 100.67 23.03 0.0408 0.02 77.12 38.06 
7 100.67 19.56 0.0409 0.02 80.57 39.66 
8.04 100.67 15.55 0.0404 0.02 84.56 42.14 
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9.08 100.67 25.44 0.0409 0.02 74.73 36.79 
10 100.67 31.21 0.04 0.02 69.00 34.73 
  
Table A-II. 4: Experimental data for the effect of time on the adsorption of Zn
2+
 by MNP-
Maph. (conditions: pH 6.7, agitation speed 200 rpm, temperature 20 
o
C, adsorbent dose 40 
mg, adsorbate conc 100 mg dm
-3
 and volume of 20 cm
3
) 
Time 
(min) 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass 
(g) 
Vol (cm
3
) % Adsorbed qe (mg g
-
1
) 
0 98.02 98.02 0.0402 0.02 0 0 
1 98.02 48.81 0.0407 0.02 50.21 24.18 
3 98.02 41.43 0.0409 0.02 57.73 27.67 
5 98.02 38.60 0.0405 0.02 60.62 29.34 
10 98.02 31.91 0.0401 0.02 67.45 32.97 
15 98.02 27.02 0.0410 0.02 72.43 34.63 
30 98.02 19.91 0.0403 0.02 79.69 38.77 
45 98.02 16.84 0.0396 0.02 82.82 41.00 
60 98.02 13.41 0.0409 0.02 86.32 41.38 
90 98.02 12.92 0.0402 0.02 86.82 42.34 
120 98.02 12.83 0.0408 0.02 86.91 41.76 
180 98.02 13.04 0.0406 0.02 86.69 41.86 
240 98.02 12.81 0.0409 0.02 86.94 41.67 
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Table A-II. 5: Experimental data for the effect of time on the adsorption of Zn
2+
 by MNP-
Maph. (conditions: pH 6.7, agitation speed 200 rpm, temperature 20 
o
C, adsorbent dose 40 
mg, adsorbate conc 50 mg dm
-3
 and volume of 20 cm
3
) 
Time 
(min) 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass 
(g) 
Vol (cm
3
) % Adsorbed qe (mg g
-
1
) 
0 50.00 50.00 0.0401 0.02 0 0 
1 50.00 23.42 0.0403 0.02 53.16 13.19 
3 50.00 22.71 0.0407 0.02 54.59 13.42 
5 50.00 18.33 0.0402 0.02 63.34 15.76 
10 50.00 14.66 0.039 0.02 70.68 18.12 
15 50.00 13.09 0.0403 0.02 73.82 18.32 
30 50.00 10.77 0.0407 0.02 78.46 19.28 
45 50.00 9.09 0.04 0.02 81.82 20.46 
60 50.00 6.09 0.0405 0.02 87.82 21.69 
90 50.00 3.91 0.0401 0.02 92.18 22.99 
120 50.00 4.56 0.0403 0.02 90.88 22.55 
180 50.00 4.40 0.0401 0.02 91.21 22.75 
240 50.00 4.39 0.04 0.02 91.22 22.81 
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Table A-II. 6: Experimental data for the Effect of time on the adsorption of Zn
2+
 by MNP-
Maph. (conditions: pH 6.7, agitation speed 200 rpm, temperature 20 
o
C, adsorbent dose 40 
mg, adsorbate conc 10 mg dm
-3
 and volume of 20 cm
3
) 
Time 
(min) 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass 
(g) 
Vol (cm
3
) % Adsorbed qe (mg g
-
1
) 
0 10.14 10.14 0.04 0.02 0 0 
1 10.14 2.81 0.0408 0.02 72.33 3.60 
3 10.14 2.35 0.0416 0.02 76.69 3.75 
5 10.14 1.93 0.041 0.02 80.95 4.00 
10 10.14 1.33 0.0394 0.02 86.94 4.48 
15 10.14 1.28 0.0404 0.02 87.38 4.39 
30 10.14 0.94 0.039 0.02 90.70 4.72 
45 10.14 0.72 0.0399 0.02 92.92 4.72 
60 10.14 0.52 0.0393 0.02 94.89 4.90 
90 10.14 0.31 0.0422 0.02 96.91 4.66 
120 10.14 0.31 0.04 0.02 96.97 4.92 
180 10.14 0.31 0.0401 0.02 96.95 4.91 
240 10.14 0.31 0.0391 0.02 96.92 5.03 
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Table A-II. 7: Experimental data for the effect of time on the adsorption of As
3+
 by MNP-
Maph. (conditions: pH 6.0, agitation speed 200 rpm, temperature 20 
o
C, adsorbent dose 40 
mg, adsorbate conc 100 mg dm
-3
 and volume of 20 cm
3
) 
Time 
(min) 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass 
(g) 
Vol (cm
3
) % Adsorbed qe (mg g
-
1
) 
0 101.45 101.45 0.0402 0.02 0 0 
1 101.45 69.24 0.0402 0.02 31.75 16.03 
3 101.45 28.89 0.0407 0.02 71.52 35.66 
5 101.45 85.67 0.0404 0.02 15.55 7.81 
10 101.45 65.17 0.0409 0.02 35.76 17.74 
15 101.45 16.71 0.0401 0.02 83.53 42.26 
30 101.45 16.73 0.0408 0.02 83.51 41.53 
45 101.45 16.39 0.0405 0.02 83.84 42.00 
60 101.45 16.23 0.0404 0.02 84.00 42.61 
90 101.45 17.40 0.0399 0.02 82.85 42.13 
120 101.45 16.30 0.0408 0.02 83.93 41.74 
180 101.45 19.91 0.0396 0.02 80.38 41.18 
240 101.45 17.81 0.040 0.02 82.44 41.82 
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Table A-II. 8: Experimental data for the effect of time on the adsorption of As
3+
 by MNP-
Maph. (conditions: pH 6.0, agitation speed 200 rpm, temperature 20 
o
C, adsorbent dose 40 
mg, adsorbate conc 50 mg dm
-3
 and volume of 20 cm
3
) 
Time 
(min) 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass 
(g) 
Vol (cm
3
) % Adsorbed qe (mg g
-
1
) 
0 50.74 50.74 0.04 0.02 0 0 
1 50.74 22.15 0.0405 0.02 56.35 14.12 
3 50.74 46.14 0.0406 0.02 9.07 2.27 
5 50.74 27.26 0.0409 0.02 46.28 11.48 
10 50.74 40.56 0.0405 0.02 20.06 5.03 
15 50.74 36.95 0.0408 0.02 27.18 6.76 
30 50.74 34.39 0.0407 0.02 32.23 8.04 
45 50.74 32.08 0.0409 0.02 36.79 9.13 
60 50.74 28.42 0.0409 0.02 43.99 10.91 
90 50.74 20.23 0.0410 0.02 54.68 13.53 
120 50.74 19.44 0.0411 0.02 60.14 14.85 
180 50.74 19.44 0.0396 0.02 61.70 15.81 
240 50.74 18.93 0.0394 0.02 62.69 16.15 
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Table A-II. 9: Experimental data for the Effect of time on the adsorption of As
3+
 by MNP-
Maph. (conditions: pH 6.0, agitation speed 200 rpm, temperature 20 
o
C, adsorbent dose 40 
mg, adsorbate conc 10 mg dm
-3
 and volume of 20 cm
3
) 
Time 
(min) 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass 
(g) 
Vol (cm
3
) % Adsorbed qe (mg g
-
1
) 
0 10.07 10.07 0.0402 0.02 0 0 
1 10.07 5.22 0.0402 0.02 48.16 2.41 
3 10.07 7.06 0.0407 0.02 29.89 1.48 
5 10.07 1.60 0.0404 0.02 84.12 4.19 
10 10.07 2.54 0.0409 0.02 74.74 3.68 
15 10.07 6.10 0.0401 0.02 39.36 1.98 
30 10.07 5.20 0.0408 0.02 48.39 2.39 
45 10.07 4.38 0.0405 0.02 56.52 2.81 
60 10.07 2.36 0.0400 0.02 76.59 3.86 
90 10.07 1.20 0.0399 0.02 88.10 4.45 
120 10.07 1.01 0.0408 0.02 89.98 4.44 
180 10.07 0.98 0.0396 0.02 90.22 4.59 
240 10.07 0.98 0.0400 0.02 90.22 4.54 
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Table A-II. 10: Experimental data for the effect of temperature on the adsorption of Zn
2+
 
by MNP-Maph. (conditions: pH 6.7, agitation speed 200 rpm, time 4 h, adsorbent dose 40 
mg and volume of 20 cm
3
) 
T (K) Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % Adsorbed qe (mg g
-1
) 
293 K 10 0.80 0.0402 0.02 91.99 4.55 
 21 1.22 0.0412 0.02 94.20 9.60 
 30 2.71 0.0402 0.02 90.97 13.58 
 40 4.75 0.0400 0.02 88.12 17.63 
 49 6.10 0.0404 0.02 87.54 21.24 
 61 8.96 0.0420 0.02 85.31 24.78 
 70 11.59 0.0408 0.02 83.44 28.63 
 80 17.83 0.0414 0.02 77.72 30.04 
 91 24.95 0.0414 0.02 72.58 31.91 
 101 33.08 0.0420 0.02 67.25 32.34 
303 K 10 0.78 0.040 0.02 92.59 4.63 
 21 1.22 0.040 0.02 94.20 9.89 
 30 1.73 0.040 0.02 94.23 14.14 
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 40 5.45 0.040 0.02 86.37 17.28 
 49 5.04 0.040 0.02 89.71 21.98 
 61 7.97 0.0420 0.02 86.93 25.25 
 70 10.26 0.0414 0.02 85.34 28.86 
 80 17.20 0.0406 0.02 78.50 30.94 
 91 23.95 0.040 0.02 73.68 33.52 
 101 31.19 0.040 0.02 69.12 34.91 
313 K 10 0.55 0.040 0.02 94.55 4.73 
 21 0.99 0.0402 0.02 95.28 9.96 
 30 2.03 0.0406 0.02 93.23 13.78 
 40 3.51 0.0400 0.02 91.25 18.25 
 49 5.23 0.0402 0.02 89.34 21.78 
 61 8.51 0.0400 0.02 86.05 26.24 
 70 10.29 0.0400 0.02 85.30 29.86 
 80 16.66 0.0400 0.02 79.17 31.67 
 91 23.08 0.0402 0.02 74.64 33.79 
 101 31.00 0.0400 0.02 69.31 35.00 
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318 K 10 0.72 0.0402 0.02 92.77 4.62 
 21 1.87 0.040 0.02 91.09 9.56 
 30 3.04 0.040 0.02 89.86 13.48 
 40 4.75 0.040 0.02 88.12 17.62 
 49 6.87 0.0404 0.02 85.98 20.86 
 61 8.81 0.0418 0.02 85.56 24.97 
 70 10.01 0.040 0.02 85.67 29.99 
 80 16.92 0.04 0.02 78.85 31.54 
 91 21.97 0.040 0.02 75.86 34.52 
 101 26.00 0.0420 0.02 74.25 35.71 
Table A-II. 11: Experimental data for the effect of temperature on the adsorption of As
3+
 
by MNP-Maph. (conditions: pH 6.0, agitation speed 200 rpm, time 4 h, adsorbent dose 40 
mg and volume of 20 cm
3
) 
T (K) Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % Adsorbed qe (mg g
-1
) 
293 K 10 2.08 0.0401 0.02 79.21 3.95 
 20 4.42 0.04 0.02 77.91 7.71 
 30 7.02 0.0403 0.02 76.60 11.41 
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 40 10.21 0.0403 0.02 74.48 14.79 
 50 13.73 0.04 0.02 72.55 18.14 
 60 17.91 0.0405 0.02 70.15 20.79 
 70 22.00 0.0405 0.02 68.58 23.71 
 80 25.33 0.0409 0.02 68.33 26.73 
 90 32.41 0.0407 0.02 64.00 28.30 
 100 28.91 0.0408 0.02 71.10 34.85 
303 K 10 1.76 0.0401 0.02 82.38 4.11 
 20 3.88 0.0404 0.02 80.62 7.98 
 30 6.23 0.04 0.02 79.23 11.88 
 40 9.35 0.0396 0.02 76.62 15.48 
 50 12.94 0.0409 0.02 74.11 18.12 
 60 17.87 0.0402 0.02 70.22 20.96 
 70 20.26 0.0402 0.02 71.06 24.75 
 80 24.60 0.0403 0.02 69.25 27.49 
 90 31.78 0.0403 0.02 64.68 28.89 
 100 27.99 0.0400 0.02 72.01 36.01 
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313 K 10 0.85 0.0399 0.02 91.55 4.59 
 20 2.99 0.0398 0.02 85.05 8.55 
 30 4.03 0.0403 0.02 86.56 12.89 
 40 6.81 0.04 0.02 82.98 16.60 
 50 10.25 0.0401 0.02 79.55 19.84 
 60 14.51 0.0408 0.02 75.82 22.30 
 70 17.29 0.04 0.02 75.30 26.36 
 80 20.66 0.0405 0.02 74.17 29.30 
 90 27.07 0.0405 0.02 69.91 31.07 
 100 25.00 0.0410 0.02 75.00 36.58 
318 K 10 0.22 0.040 0.02 97.78 4.89 
 20 1.87 0.0406 0.02 90.65 8.93 
 30 3.04 0.0401 0.02 89.86 13.45 
 40 4.75 0.0398 0.02 88.12 17.71 
 50 6.87 0.0396 0.02 86.26 21.78 
 60 8.81 0.04 0.02 85.32 25.60 
 70 13.01 0.0401 0.02 81.41 28.42 
295 
 
 80 15.92 0.0405 0.02 80.10 31.64 
 90 21.97 0.0406 0.02 75.59 33.51 
 100 26.00 0.04 0.02 74.00 37.00 
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Appendix III 
Experimental data for the adsorption of Pb
2+
 and Hg
2+
 from aqueous solution by MNP-
Maph 
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Figure A-III.10: Fitting of experimental data into kinetic models (A) pseudo first order (B) 
pseudo second order (C) Elovich model and (D) intra particle diffusion for the adsorption 
of Pb
2+
 from aqueous solution by MNP-Maph. 
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Figure A-III.11: Fitting of experimental data into kinetic models (A) pseudo first order (B) 
pseudo second order (C) intra particle diffusion and (D) Elovich model for the adsorption 
of Hg
2+
 from aqueous solution by MNP-Maph. 
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Figure A-III.12: Experimental data fitting into isotherm models for the adsorption of Pb
2+
 
onto MNP-Maph (A) Langmuir and (B) Freudlich isotherm models. 
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Figure A–III.13: Experimental data fitting into isotherm models for the adsorption of Hg2+ 
onto MNP-Maph (A) Langmuir and (B) Freudlich isotherm models. 
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 Table A-III. 1: AAS operating conditions for Pb
2+
 and Hg
2+
 determination 
Parameters  Pb
2+
 Hg
2+
 
Wavelength  283.3 nm 253.7 nm 
Radiation source  Hollow cathode lamp Hollow cathode lamp 
Inert gas  Argon Argon 
Burner height  7 mm 7 mm 
Flame type  Air-acetylene Air-acetylene 
Background correction   D2 D2 
Nebuliser uptake  4 secs 4 secs 
Fuel flow  1.1 L/min 1.2 L/min 
Band pass  0.5 nm 0.5 nm 
Lamp current  75 % 75 % 
 
Table A-III. 2: Experimental data for the effect of pH on the adsorption of Pb
2+
 by MNP-
Maph. (conditions: contact time: 24 h, agitation speed 200 rpm, temperature 20 
o
C, 
adsorbent dose 40 mg,  adsorbate conc 100 mg dm
-3
 and volume of 20 cm
3
) 
pH Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
1 97.26 2.72 0.0399 0.02 97.21 47.39 
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2 97.26 2.42 0.0398 0.02 97.51 47.66 
3 97.26 2.35 0.0391 0.02 97.59 48.55 
4 97.26 2.33 0.0404 0.02 97.61 46.99 
5 97.26 2.26 0.0404 0.02 97.68 47.03 
6 97.26 2.24 0.0396 0.02 97.70 47.99 
7 97.26 2.31 0.0392 0.02 97.63 48.45 
8 97.26 2.37 0.0412 0.02 97.56 46.06 
9 97.26 2.32 0.0392 0.02 97.62 48.44 
10 97.26 2.39 0.0401 0.02 97.54 47.32 
 
Table A-III. 3: Experimental data for the effect of pH on the adsorption of Hg
2+
 by MNP-
Maph. (conditions: contact time: 24 h, agitation speed 200 rpm, temperature 20 
o
C, 
adsorbent dose 40 mg, adsorbate conc 100 mg dm
-3
 and volume of 20 cm
3
) 
pH Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
1 99.8 56.25 0.04 0.02 43.64 21.77 
2 99.8 38.00 0.0411 0.02 61.91 30.07 
3 99.8 37.48 0.0403 0.02 62.45 30.93 
4 99.8 32.97 0.0405 0.02 66.96 33.00 
5 99.8 32.44 0.0402 0.02 67.49 33.50 
6 99.8 31.84 0.0404 0.02 68.10 33.64 
7 99.8 28.07 0.0398 0.02 71.87 36.05 
8 99.8 41.40 0.0411 0.02 58.52 28.42 
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9 99.8 44.54 0.04 0.02 55.37 27.63 
10 99.8 45.52 0.0419 0.02 54.39 25.91 
  
Table A-III. 4: Experimental data for the effect of time on the adsorption of Hg
2+
 by MNP-
Maph. (conditions: pH 5.0, agitation speed 200 rpm, temperature 20 
o
C, adsorbent dose 40 
mg, adsorbate conc 100 mg dm
-3
 and volume of 20 cm
3
) 
Time 
(min) 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass 
(g) 
Vol (cm
3
) % Adsorbed qe (mg g
-
1
) 
0 102.96 102.96 0.04 0.02 0 0 
1 102.96 47.81 0.0402 0.02 53.56 27.44 
3 102.96 25.02 0.041 0.02 75.70 38.02 
5 102.96 23.84 0.0405 0.02 76.84 39.07 
10 102.96 23.03 0.039 0.02 77.64 40.99 
15 102.96 18.56 0.0406 0.02 81.97 41.58 
30 102.96 23.55 0.0399 0.02 77.12 39.80 
45 102.96 19.74 0.039 0.02 80.83 42.68 
60 102.96 18.36 0.0392 0.02 82.17 43.16 
90 102.96 20.13 0.0392 0.02 80.45 42.26 
120 102.96 15.98 0.0405 0.02 84.48 42.95 
180 102.96 14.43 0.0415 0.02 85.98 42.66 
240 102.96 13.88 0.0408 0.02 86.52 43.66 
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Table A-III. 5: Experimental data for the effect of time on the adsorption of Hg
2+
 by MNP-
Maph. (conditions: pH 5.0, agitation speed 200 rpm, temperature 20 
o
C, adsorbent dose 40 
mg, adsorbate conc 50 mg dm
-3
 and volume of 20 cm
3
) 
Time 
(min) 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass 
(g) 
Vol (cm
3
) % Adsorbed qe (mg g
-
1
) 
0 71.94 71.94 0.04 0.02 0 0 
1 71.94 42.62 0.0388 0.02 40.76 15.12 
3 71.94 27.71 0.0404 0.02 61.48 21.89 
5 71.94 22.92 0.04 0.02 68.14 24.51 
10 71.94 21.26 0.0395 0.02 70.45 25.66 
15 71.94 19.81 0.0413 0.02 72.47 25.25 
30 71.94 22.08 0.0392 0.02 69.31 25.44 
45 71.94 27.19 0.0399 0.02 62.21 22.43 
60 71.94 22.24 0.040 0.02 69.09 24.85 
90 71.94 21.91 0.0411 0.02 69.55 24.35 
120 71.94 21.95 0.0411 0.02 69.49 24.33 
180 71.94 22.77 0.0409 0.02 68.36 24.05 
240 71.94 22.11 0.0415 0.02 69.27 24.01 
 Table A-III. 6: Experimental data for the Effect of time on the adsorption of Hg
2+
 by 
MNP-Maph. (conditions: pH 5.0, agitation speed 200 rpm, temperature 20 
o
C, adsorbent 
dose 40 mg, adsorbate conc 10 mg dm
-3
 and volume of 20 cm
3
) 
Time Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass Vol (cm
3
) % Adsorbed qe (mg g
-
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(min) (g) 
1
) 
0 33.87 33.87 0.04 0.02 0 0 
1 33.87 23.50 0.0402 0.02 30.61 5.16 
3 33.87 20.60 0.0389 0.02 39.19 6.83 
5 33.87 18.07 0.0416 0.02 46.65 7.60 
10 33.87 19.27 0.0398 0.02 43.10 7.34 
15 33.87 19.50 0.0409 0.02 42.43 7.03 
30 33.87 18.53 0.0396 0.02 45.31 7.75 
45 33.87 18.92 0.039 0.02 44.14 7.67 
60 33.87 17.65 0.0399 0.02 47.90 8.13 
90 33.87 16.95 0.0399 0.02 49.96 8.48 
120 33.87 17.54 0.0411 0.02 48.21 7.95 
180 33.87 18.14 0.0398 0.02 46.45 7.91 
240 33.87 17.83 0.0413 0.02 47.37 7.77 
 
Table A-III. 7: Experimental data for the effect of time on the adsorption of Pb
2+
 by MNP-
Maph. (conditions: pH 5.0, agitation speed 200 rpm, temperature 20 
o
C, adsorbent dose 40 
mg, adsorbate conc 100 mg dm
-3
 and volume of 20 cm
3
) 
Time 
(min) 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass 
(g) 
Vol (cm
3
) % Adsorbed qe (mg g
-
1
) 
0 99.98 99.98 0.04 0.02 0 0 
1 99.98 47.81 0.0402 0.02 52.18 25.96 
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3 99.98 25.02 0.0410 0.02 74.98 36.57 
5 99.98 23.84 0.0405 0.02 76.15 37.60 
10 99.98 -2.59 0.0414 0.02 102.59 49.55 
15 99.98 -1.47 0.0410 0.02 101.47 49.49 
30 99.98 -0.98 0.0411 0.02 100.97 49.13 
45 99.98 -1.21 0.04 0.02 101.21 50.60 
60 99.98 -2.77 0.0420 0.02 102.77 48.93 
90 99.98 -2.67 0.0411 0.02 102.67 49.95 
120 99.98 -2.67 0.0405 0.02 102.67 50.69 
180 99.98 -3.19 0.0411 0.02 103.19 50.21 
240 99.98 0.00 0.040 0.02 100 49.99 
 
Table A-III. 8: Experimental data for the effect of time on the adsorption of Pb
2+
 by MNP-
Maph. (conditions: pH 5.0, agitation speed 200 rpm, temperature 20 
o
C, adsorbent dose 40 
mg, adsorbate conc 50 mg dm
-3
 and volume of 20 cm
3
) 
Time 
(min) 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass 
(g) 
Vol (cm
3
) % Adsorbed qe (mg g
-
1
) 
0 47.47 47.47 0.04 0.02 0 0 
1 47.47 42.62 0.0388 0.02 10.22 2.50 
3 47.47 22.92 0.0404 0.02 62.68 12.15 
5 47.47 17.71 0.04 0.02 51.72 14.88 
10 47.47 -1.68 0.0403 0.02 103.54 24.39 
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15 47.47 -2.15 0.0405 0.02 104.53 24.50 
30 47.47 -2.46 0.0406 0.02 105.18 24.59 
45 47.47 -2.46 0.0404 0.02 105.19 24.71 
60 47.47 -2.50 0.0396 0.02 105.26 25.23 
90 47.47 -2.65 0.0405 0.02 105.58 24.75 
120 47.47 -2.80 0.0411 0.02 105.65 24.40 
180 47.47 -2.68 0.0397 0.02 105.90 25.32 
240 47.47 -2.52 0.0404 0.02 105.31 24.75 
 
Table A-III. 9: Experimental data for the Effect of time on the adsorption of Pb
2+
 by MNP-
Maph. (conditions: pH 5.0, agitation speed 200 rpm, temperature 20 
o
C, adsorbent dose 40 
mg, adsorbate conc 10 mg dm
-3
 and volume of 20 cm
3
) 
Time 
(min) 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass 
(g) 
Vol (cm
3
) % Adsorbed qe (mg g
-
1
) 
0 7.71 7.71 0.04 0.02 0 0 
1 7.71 4.64 0.0402 0.02 39.75 1.52 
3 7.71 3.40 0.0389 0.02 55.94 2.22 
5 7.71 2.67 0.0416 0.02 65.34 2.42 
10 7.71 -2.55 0.0411 0.02 133.14 4.99 
15 7.71 -2.57 0.0405 0.02 133.28 5.07 
30 7.71 -2.70 0.0410 0.02 134.99 5.08 
45 7.71 -2.74 0.0401 0.02 135.49 5.21 
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60 7.71 -2.49 0.0403 0.02 132.30 5.06 
90 7.71 -2.54 0.0398 0.02 132.95 5.15 
120 7.71 -2.66 0.0409 0.02 134.49 5.07 
180 7.71 -2.57 0.0395 0.02 133.31 5.20 
240 7.71 -2.64 0.0401 0.02 134.23 5.16 
 
Table A-III. 10: Experimental data for the effect of temperature on the adsorption of Pb
2+
 
by MNP-Maph. (conditions: pH 5.0, agitation speed 200 rpm, time 4 h, adsorbent dose 40 
mg and volume of 20 cm
3
) 
T (K) Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % Adsorbed qe (mg g
-1
) 
293 K 10 0.80 0.04 0.02 91.96 4.60 
 20 1.72 0.0402 0.02 91.41 9.09 
 30 2.75 0.0401 0.02 90.83 13.59 
 40 3.86 0.0396 0.02 90.35 18.25 
 50 5.50 0.0392 0.02 88.99 22.72 
 60 7.11 0.0408 0.02 88.14 25.92 
 70 9.04 0.0409 0.02 87.09 29.81 
 80 11.37 0.0403 0.02 85.79 34.06 
 90 13.71 0.04 0.02 84.77 38.15 
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 100 10.08 0.0401 0.02 89.92 44.85 
303 K 10 0.79 0.04 0.02 92.09 4.61 
 20 1.80 0.0396 0.02 90.99 9.19 
 30 2.63 0.04 0.02 91.23 13.69 
 40 3.62 0.0407 0.02 90.95 17.88 
 50 5.15 0.04 0.02 86.69 22.42 
 60 6.52 0.0401 0.02 89.13 26.67 
 70 8.30 0.0404 0.02 88.14 30.55 
 80 10.03 0.0402 0.02 87.46 34.81 
 90 12.56 0.04 0.02 86.04 38.72 
 100 8.01 0.0404 0.02 91.99 45.54 
313 K 10 0.77 0.0401 0.02 92.28 4.60 
 20 1.69 0.04 0.02 91.54 9.15 
 30 2.60 0.0403 0.02 91.34 13.60 
 40 3.61 0.0396 0.02 90.98 18.38 
 50 5.01 0.0392 0.02 89.98 22.96 
 60 6.15 0.0405 0.02 89.75 26.59 
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 70 7.86 0.0409 0.02 88.77 30.39 
 80 9.99 0.0403 0.02 87.52 34.75 
 90 12.10 0.04 0.02 88.56 38.95 
 100 6.59 0.0402 0.02 93.41 46.47 
318 K 10 0.60 0.0399 0.02 94.02 4.71 
 20 1.29 0.0401 0.02 93.55 9.33 
 30 2.10 0.0396 0.02 92.99 14.09 
 40 2.89 0.0402 0.02 92.77 18.46 
 50 4.06 0.04 0.02 91.87 22.97 
 60 5.10 0.0407 0.02 91.50 26.98 
 70 6.58 0.0403 0.02 90.60 31.47 
 80 8.40 0.04 0.02 89.50 35.80 
 90 10.07 0.0404 0.02 88.82 39.67 
 100 3.08 0.0401 0.02 96.92 48.34 
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Table A-III. 11: Experimental data for the effect of temperature on the adsorption of Hg
2+
 
by MNP-Maph. (conditions: pH 5.0, agitation speed 200 rpm, time 4 h, adsorbent dose 40 
mg and volume of 20 cm
3
) 
T (K) Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % Adsorbed qe (mg g
-1
) 
293 K 10 1.44 0.0404 0.02 93.33 5.54 
 21 3.35 0.0412 0.02 92.19 9.85 
 32 5.35 0.0402 0.02 90.53 14.41 
 42 7.43 0.04 0.02 87.98 18.48 
 49 9.46 0.0404 0.02 86.46 22.26 
 62 12.51 0.0402 0.02 84.26 24.88 
 70 15.06 0.0408 0.02 82.03 28.95 
 80 18.08 0.0414 0.02 76.51 30.31 
 88 22.70 0.0414 0.02 72.88 32.39 
 101 26.99 0.0420 0.02 63.65 30.91 
303 K 10 1.49 0.0401 0.02 85.09 4.24 
 21 3.32 0.0402 0.02 84.21 8.80 
 32 5.21 0.04 0.02 83.73 13.40 
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 42 7.33 0.0403 0.02 82.56 17.21 
 49 8.96 0.04 0.02 81.72 20.02 
 62 12.04 0.04 0.02 80.58 24.98 
 70 14.89 0.0403 0.02 78.73 27.35 
 80 17.40 0.0405 0.02 78.24 30.91 
 88 20.56 0.0401 0.02 76.63 33.63 
 101 25.06 0.0395 0.02 75.19 38.45 
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Appendix IV 
(1)  Effect of pH in competitive adsorption system 
Table A-IV. 1: Experimental data for the effect of pH on the competitive adsorption of 
Cu
2+
 by MNP-Maph. (conditions: agitation speed 200 rpm, temperature 20 
o
C, adsorbent 
dose 100 mg, adsorbate conc 50 mg dm
-3
 and volume of 20 cm
3
) 
pH Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
1.04 50.35 48.16 0.1001 0.02 4.36 0.44 
2.09 50.35 40.12 0.1004 0.02 20.32 2.04 
3.1 50.35 36.37 0.1002 0.02 27.77 2.79 
4.05 50.35 31.29 0.1008 0.02 37.86 3.78 
5.01 50.35 16.66 0.1000 0.02 66.91 6.74 
6 50.35 12.28 0.1000 0.02 75.61 7.61 
7.15 50.35 4.82 0.1002 0.02 90.42 9.09 
8.08 50.35 4.02 0.1003 0.02 92.02 9.24 
9.01 50.35 3.21 0.1005 0.02 93.63 9.38 
10.23 50.35 3.20 0.1009 0.02 93.64 9.35 
 
Table A-IV. 2: Experimental data for the effect of pH on the competitive adsorption of Pb
2+
 
and As
3+
 by MNP-Maph. (conditions: agitation speed 200 rpm, temperature 20 
o
C, 
adsorbent dose 100 mg, adsorbate conc 50 mg dm
-3
 and volume of 20 cm
3
) 
pH Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
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1.04 49.91 4.98 0.1001 0.02 90.01 8.94 
2.09 49.91 4.48 0.1004 0.02 91.04 9.08 
3.1 49.91 4.09 0.1002 0.02 91.80 9.15 
4.05 49.91 3.90 0.1008 0.02 92.19 9.18 
5.01 49.91 3.37 0.1000 0.02 93.24 9.29 
6 49.91 3.01 0.1000 0.02 93.97 9.39 
7.15 49.91 2.87 0.1002 0.02 94.26 9.34 
8.08 49.91 2.81 0.1003 0.02 94.38 9.39 
9.01 49.91 2.74 0.1005 0.02 94.50 9.38 
10.23 49.91 2.70 0.1009 0.02 94.59 9.44 
pH Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
1.04 50.01 45.45 0.1001 0.02 9.12 0.90 
2.09 50.01 37.63 0.1004 0.02 24.75 2.48 
3.1 50.01 33.10 0.1002 0.02 33.81 3.39 
4.05 50.01 27.23 0.1008 0.02 45.56 4.48 
5.01 50.01 19.30 0.1000 0.02 61.40 6.09 
6 50.01 14.31 0.1000 0.02 71.40 7.08 
7.15 50.01 12.31 0.1002 0.02 75.39 7.47 
8.08 50.01 11.51 0.1003 0.02 76.99 7.67 
9.01 50.01 15.43 0.1005 0.02 69.14 6.85 
10.23 50.01 18.20 0.1009 0.02 63.60 6.36 
 
313 
 
Table A-IV. 3: Experimental data for the effect of pH on the competitive adsorption of Zn
2+
 
by MNP-Maph. (conditions: agitation speed 200 rpm, temperature 20 
o
C, adsorbent dose 
100 mg, adsorbate conc 50 mg dm
-3
 and volume of 20 cm
3
) 
pH Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
1.04 50.84 40.26 0.1001 0.02 20.81 2.21 
2.09 50.84 39.49 0.1004 0.02 22.32 2.27 
3.1 50.84 36.43 0.1002 0.02 28.35 2.88 
4.05 50.84 32.04 0.1008 0.02 36.98 3.73 
5.01 50.84 25.03 0.1000 0.02 50.77 5.14 
6 50.84 22.11 0.1000 0.02 56.52 5.75 
7.15 50.84 17.29 0.1002 0.02 65.99 6.68 
8.08 50.84 15.54 0.1003 0.02 69.44 7.05 
9.01 50.84 13.64 0.1005 0.02 73.16 7.42 
10.23 50.84 13.21 0.1009 0.02 74.02 7.47 
 
(2)   Competitive adsorption at the same initial metal ion concentrations. 
Table A-IV. 4: Competitive adsorption of Cu
2+
 at the same initial adsorbate concentration. 
(conditions: pH = 6.0, agitation speed 200 rpm, temperature 20 
o
C, time of 4 h, adsorbent 
dose 100 mg, adsorbate volume of 20 cm
3
) 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
10 1.94 0.1000 0.02 82.39 1.80 
20 3.85 0.1002 0.02 81.65 3.42 
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30 5.94 0.1008 0.02 80.83 4.99 
40 8.08 0.1006 0.02 80.28 6.58 
50 10.56 0.1002 0.02 79.30 8.11 
60 12.84 0.1009 0.02 78.95 9.58 
70 15.32 0.1004 0.02 78.43 11.11 
80 20.52 0.0998 0.02 74.67 12.00 
 
Table A-IV. 5: Competitive adsorption of Pb
2+
 at the same initial adsorbate concentration 
(conditions: pH = 6.0, agitation speed 200 rpm, temperature 20 
o
C, time of 4 h, adsorbent 
dose 100 mg, adsorbate volume of 20 cm
3
) 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
10 1.43 0.1000 0.02 85.72 1.71 
20 3.08 0.1002 0.02 84.58 3.38 
30 4.84 0.1008 0.02 83.87 4.99 
40 6,56 0.1006 0.02 83.61 6.65 
50 8.45 0.1002 0.02 83.10 8.29 
60 10.31 0.1009 0.02 82.82 9.85 
70 12.41 0.1004 0.02 82.29 11.47 
80 14.51 0.0998 0.02 81.86 13.12 
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Table A-IV. 6: Competitive adsorption of As
3+
 at the same initial adsorbate concentration. 
(conditions: pH = 6.0, agitation speed 200 rpm, temperature 20 
o
C, time of 4 h, adsorbent 
dose 100 mg, adsorbate volume of 20 cm
3
) 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
10 2.46 0.1000 0.02 75.37 1.51 
20 5.42 0.1002 0.02 72.92 2.91 
30 8.28 0.1008 0.02 72.39 4.33 
40 9.93 0.1006 0.02 75.19 6.00 
50 14.66 0.1002 0.02 70.68 7.05 
60 19.76 0.1009 0.02 67.06 8.10 
70 20.88 0.1004 0.02 70.18 9.80 
80 20.39 0.0998 0.02 74.51 11.91 
Table A-IV. 7: Competitive adsorption of Zn
2+
 at the same initial adsorbate concentration. 
(conditions: pH = 6.0, agitation speed 200 rpm, temperature 20 
o
C, time of 4 h, adsorbent 
dose 100 mg, adsorbate volume of 20 cm
3
). 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
10 3.77 0.1000 0.02 65.69 1.45 
20 5.93 0.1002 0.02 70.37 2.82 
30 8.96 0.1008 0.02 70.14 4.20 
40 12.75 0.1006 0.02 69.64 5.83 
50 14.81 0.1002 0.02 70.39 7.04 
60 17.46 0.1009 0.02 70.90 8.45 
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70 22.52 0.1004 0.02 68.29 9.66 
80 24.83 0.0998 0.02 69.35 11.11 
 
(3)  Adsorption of one metal ion at a fixed initial concentration in a competitive system 
in   the presence of varying concentrations of other metal ions. 
(A)    Effect of varying initial concentration of other metal ions in a competitive system for 
the adsorption of Cu
2+
. 
Table A-IV. 8: Uptake of Cu
2+
 by MNP-Maph in the presence of other metal ions in a 
competitive system. 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
24.74 2.81 0.0993 0.02 88.65 4.42 
25.66 4.98 0.1004 0.02 80.61 4.12 
24.41 7.05 0.1008 0.02 71.11 3.44 
24.94 9.44 0.0997 0.02 62.14 3.11 
24.95 10.65 0.1017 0.02 57.30 2.81 
 
Table A-IV. 9: Uptake of Pb
2+
 by MNP-Maph in the presence of other metal ions in a 
competitive system. 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
10.05 1.94 0.0993 0.02 80.77 1.64 
20.65 5.54 0.1004 0.02 73.16 3.01 
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29.91 9.89 0.1008 0.02 67.05 3.98 
39.97 16.60 0.0997 0.02 58.47 4.69 
50.29 24.77 0.1017 0.02 50.74 5.02 
 
Table A-IV. 10: Uptake of As
3+
 by MNP-Maph in the presence of other metal ions in a 
competitive system. 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
10.52 2.78 0.0993 0.02 73.58 1.56 
20.64 5.32 0.1004 0.02 74.23 3.05 
30.69 8.05 0.1008 0.02 73.78 4.49 
40.01 11.05 0.0997 0.02 72.37 5.81 
49.99 14.65 0.1017 0.02 70.69 6.95 
Table A-IV. 11: Uptake of Zn
2+
 by MNP-Maph in the presence of other metal ions in a 
competitive system. 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
10.61 4.39 0.0993 0.02 58.91 1.26 
21.14 11.46 0.1004 0.02 45.77 1.93 
29.9 18.59 0.1008 0.02 36.93 2.19 
40.36 28.10 0.0997 0.02 30.39 2.46 
50.64 39.20 0.1017 0.02 22.61 2.25 
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(B)   Effect of varying initial concentration of other metal ions in a competitive system for 
the adsorption of Pb
2+
. 
Table A-IV. 12: Uptake of Pb
2+
 by MNP-Maph in the presence of other metal ions in a 
competitive system. 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
25.39 5.23 0.1000 0.02 79.42 4.03 
25.85 7.48 0.1002 0.02 71.08 3.67 
24.26 7.60 0.1001 0.02 68.67 3.33 
25.07 9.44 0.1008 0.02 62.33 3.10 
25.38 11.07 0.1005 0.02 56.40 2.85 
 
Table A-IV. 13: Uptake of Cu
2+
 by MNP-Maph in the presence of other metal ions in a 
competitive system 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
11.10 1.94 0.1000 0.02 82.52 1.83 
20 4.34 0.1002 0.02 78.31 3.13 
31.17 9.99 0.1001 0.02 67.94 4.23 
40.45 16.77 0.1008 0.02 58.55 4.70 
50.38 20.42 0.1005 0.02 59.48 5.96 
 
Table A-IV. 14: Uptake of As
3+
 by MNP-Maph in the presence of other metal ions in a 
competitive system. 
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Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
10.00 3.05 0.1000 0.02 69.56 1.39 
20.06 7.32 0.1002 0.02 63.53 2.54 
29.95 13.62 0.1001 0.02 54.52 3.26 
39.88 21.72 0.1008 0.02 45.53 3.60 
50.02 30.39 0.1005 0.02 39.25 3.91 
 
Table A-IV. 15: Uptake of Zn
2+
 by MNP-Maph in the presence of other metal ions in a 
competitive system 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
9.99 3.59 0.1000 0.02 64.01 1.29 
20.03 7.98 0.1002 0.02 60.16 2.41 
30.01 13.60 0.1001 0.02 54.69 3.28 
40.63 23.65 0.1008 0.02 41.80 3.37 
49.97 35.04 0.1005 0.02 29.89 2.97 
 
(C)    Effect of varying initial concentration of other metal ions in a competitive system for 
the adsorption of As
3+
. 
 
Table A-IV. 16: Uptake of As
3+
 by MNP-Maph in the presence of other metal ions in a 
competitive system 
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Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
24.89 7.38 0.1003 0.02 69.56 3.49 
26.02 10.72 0.0995 0.02 63.53 3.07 
24.96 13.01 0.1000 0.02 54.52 2.39 
26.11 16.41 0.1022 0.02 45.53 1.59 
25.52 17.63 0.1016 0.02 39.25 1.55 
 
Table A-IV. 17: Uptake of Cu
2+
 by MNP-Maph in the presence of other metal ions in a 
competitive system 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
10.27 2.86 0.1003 0.02 72.14 1.48 
20.06 7.38 0.0995 0.02 63.23 2.55 
30.23 12.07 0.1000 0.02 60.08 3.63 
41.37 18.54 0.1022 0.02 5.18 4.47 
51.07 25.37 0.1016 0.02 50.32 5.06 
 
Table A-IV. 18: Uptake of Pb
2+
 by MNP-Maph in the presence of other metal ions in a 
competitive system 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
11.32 3.34 0.1003 0.02 70.46 1.59 
19.98 7.08 0.0995 0.02 64.58 2.59 
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31.9 13.32 0.1000 0.02 58.24 3.72 
40.82 19.03 0.1022 0.02 53.39 4.27 
50.44 26.42 0.1016 0.02 47.62 4.73 
 
Table A-IV. 19: Uptake of Zn
2+
 by MNP-Maph in the presence of other metal ions in a 
competitive system 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
9.99 4.57 0.1003 0.02 54.25 1.08 
21.04 10.51 0.0995 0.02 50.05 2.12 
29.99 16.80 0.1000 0.02 44.01 2.64 
41.06 25.42 0.1022 0.02 38.09 3.06 
50.55 33.77 0.1016 0.02 33.19 3.30 
 
(D)     Effect of varying initial concentration of other metal ions in a competitive system for 
the adsorption of Zn
2+
 
Table A-IV. 20: Uptake of Zn
2+
 by MNP-Maph in the presence of other metal ions in a 
competitive system 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
25 13.60 0.1003 0.02 45.60 2.27 
25 17.06 0.1009 0.02 31.77 1.57 
25 18.64 0.0989 0.02 25.44 1.29 
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25 19.88 0.0993 0.02 20.47 1.03 
25 20.61 0.1007 0.02 17.57 0.87 
 
Table A-IV. 21: Uptake of Cu
2+
 by MNP-Maph in the presence of other metal ions in a 
competitive system 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
11.03 2.11 0.1003 0.02 80.89 1.78 
20.82 4.86 0.1009 0.02 76.64 3.16 
30.25 8.58 0.0989 0.02 71.63 4.38 
41.81 14.40 0.0993 0.02 65.57 5.52 
49.92 19.74 0.1007 0.02 60.45 5.99 
 
Table A-IV. 22: Uptake of Pb
2+
 by MNP-Maph in the presence of other metal ions in a 
competitive system 
Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
10.68 2.61 0.1003 0.02 75.60 1.61 
20.49 6.67 0.1009 0.02 67.44 2.74 
31.05 10.19 0.0989 0.02 67.20 4.22 
40.17 14.27 0.0993 0.02 64.40 5.22 
50.06 20.53 0.1007 0.02 58.99 5.87 
Table A-IV. 23: Uptake of As
3+
 by MNP-Maph in the presence of other metal ions in a 
competitive system. 
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Ci (mg dm
-3
) Ceq (mg dm
-3
) Mass (g) Vol (cm
3
) % adsorbed qe (mg g
-1
) 
9.72 2.85 0.1003 0.02 70.68 1.37 
21.85 7.03 0.1009 0.02 67.83 2.94 
30.83 10.92 0.0989 0.02 64.57 4.03 
39.96 15.22 0.0993 0.02 61.91 4.98 
50.14 21.88 0.1007 0.02 56.36 5.61 
 
Appendix V 
Photocatalytic study for the reduction of Cr(VI) in aqueous solution using photocatalyst 
materials 
Table A-V. 1: Effect of pH for the reuction of Cr(VI) using synthesized materials @ 20 
o
C, 
350 nm and 10 mg L
-1
 Cr(VI) for 60 min 
   NiFe2O4 
-SiO2 
   NiFe2O4 
-TiO2 
 
pH Abs Conc. 
(mgL
-1
) 
C/Co % 
reduction 
Abs Conc. 
(mgL
-1
) 
C/Co % 
reduction 
2 0.530 9.7623 0.9762 2.38 0.305 5.6169 0.5617 43.83 
4 0.543 10 1 0 0.464 8.5488 0.8549 14.51 
6 0.543 10 1 0 0.496 9.1271 0.9127 8.73 
8 0.543 10 1 0 0.508 9.3481 0.9348 6.52 
10 0.543 10 1 0 0.512 9.5175 0.9518 4.83 
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   NiFe2O4 -
SiO2-TiO2 
   TiO2  
pH Abs Conc. 
(mgL
-1
) 
C/Co % 
reduction 
Abs Conc. 
(mgL
-1
) 
C/Co % 
reduction 
2 0.257 4.7317 0.4732 52.68 0.161 2.9668 0.2967 70.33 
4 0.331 6.0957 0.6096 39.04 0.306 5.6353 0.5635 43.65 
6 0.437 8.0411 0.8041 19.59 0.340 6.2781 0.6278 37.22 
8 0.475 8.7613 0.8761 12.39 0.380 6.9963 0.6996 30.03 
10 0.489 9.0067 0.9007 9.93 0.389 7.1584 0.7158 28.41 
 
Table A-V. 2: Effect of Irradiation Time for the reduction of Cr(VI) at pH 4, 20 
o
C, 350 nm 
and 10 mg/L Cr(VI) 
  NS       NT 
Time 
(min) 
   Abs Conc. 
(mgL
-1
) 
C/Co % 
reduction 
Ln 
Co/C 
 
     
Abs 
Conc. 
(mgL
-1
) 
C/Co % 
reductio
n 
Ln 
Co/C 
 
0 0.543 10 1 0 0 0.543 10 1 0 0 
5 0.543 10 1 0 0 0.540 9.9503 0.9950 0.49 0.005 
15 0.543 10 1 0 0 0.523 9.6317 0.9632 3.68 0.038 
30 0.543 10 1 0 0 0.491 9.0424 0.9042 9.58 0.101 
60 0.543 10 1 0 0 0.464 8.5488 0.8548 14.51 0.157 
90 0.543 10 1 0 0 0.449 8.2688 0.8269 17.31 0.19 
325 
 
120 0.543 10 1 0 0 0.421 7.7550 0.7755 22.50 0.254 
150 0.543 10 1 0 0 0.406 7.4769 0.7477 25.23 0.291 
180 0.543 10 1 0 0 0.362 6.6667 0.6667 33.33 0.405 
210 0.543 10 1 0 0 0.316 5.8232 0.5823 41.77 0.541 
240 0.543 10 1 0 0 0.278 5.1326 0.5133 48.67 0.667 
270 0.543 10 1 0 0 0.245 4.5212 0.4521 54.79 0.792 
300 0.543 10 1 0 0 0.215 3.9576 0.3957 60.42 0.926 
  
 
  NST    TiO2  
Time 
(min) 
Abs Conc. 
(mgL
-1
) 
C/Co % 
reduction 
Ln 
Co/C 
 
      
Abs 
Conc. 
(mgL
-1
) 
C/Co            %  
reduction 
Ln 
Co/C 
 
0 0.543 10 1 0 0 0.543 10 1 0 0 
5 0.54 9.9448 0.9945 0.55 0.005 0.538 9.9079 0.9908 0.92 0.009 
15 0.516 9.5028 0.9503 4.97 0.051 0.48 8.8398 0.8839 11.60 0.123 
30 0.48 8.8398 0.8840 11.60 0.123 0.384 7.0718 0.7071 29.28 0.346 
60 0.431 7.9374 0.7937 20.63 0.231 0.306 5.6353 0.5635 43.64 0.573 
90 0.335 6.1694 0.7440 38.31 0.483 0.246 4.5304 0.4530 54.69 0.792 
120 0.318 5.8563 0.6648 41.44 0.535 0.156 2.8729 0.2873 71.27 1.247 
150 0.18 3.3149 0.6059 66.85 1.104 0.107 1.9705 0.1970 80.29 1.624 
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180 0.117 2.1547 0.5727 78.45 1.535 0.057 1.0497 0.1049 89.50 2.254 
210 0.089 1.6390 0.4604 83.61 1.808 0.031 0.5709 0.0571 94.29 2.863 
240 0.06 1.1049 0.3517 88.95 2.203 0.018 0.3315 0.0331 96.69 3.407 
270 0.039 0.7182 0.2615 92.82 2.634   
  
 
300 0.019 0.3499 0.0350 96.50 3.353   
  
 
 
Table A-V. 3: Effect of catalyst dose at pH 4, 20 oC, 350 nm and 10 mg/L Cr(VI) with 50 
mg photocatalyst dose 
  NS   NT   NST   TiO2  
Time 
(min) 
Abs Conc 
(mgL
-1
) 
C/Co Abs Conc 
(mgL
-1
) 
C/Co Abs Conc 
(mgL
-1
) 
C/Co Abs Conc 
(mgL
-1
) 
C/Co 
0 0.453 10 1 0.453 10 1 0.453 10 1 0.453 10 1 
5 0.453 10 1 0.451 9.945 0.9945 0.451 9.955 0.9955 0.450 9.938 0.994 
15 0.453 10 1 0.436 9.632 0.9632 0.430 9.503 0.9503 0.411 9.066 0.907 
30 0.453 10 1 0.431 9.506 0.9506 0.419 9.244 0.9244 0.379 8.363 0.836 
60 0.453 10 1 0.425 9.381 0.9381 0.406 8.966 0.8966 0.342 7.561 0.756 
90 0.453 10 1 0.405 8.936 0.8936 0.384 8.485 0.8485 0.316 6.965 0.696 
327 
 
120 0.453 10 
 
1 
 
0.382 
 
8.436 
 
0.8436 0.343 7.568 
 
0.7568 0.257 5.672 0.567 
 
150 0.453 10 1 0.366 8.076 0.8076 0.314 
 
6.938 0.6938 0.202 4.461 0.446 
180 0.453 10 1 0.342 7.557 0.7557 0.289 6.378 0.6378 0.136 3.001 0.300 
210 0.453 10 
 
1 
 
0.319 7.044 0.7044 0.266 5.866 0.5866 
 
0.116 
 
2.566 0.257 
 
240 0.453 10 1 0.297 6.568 0.6568 0.239 5.286 0.5286 0.086 1.891 
 
0.189 
270 0.453 10 1 0.260 5.742 0.5742 0.212 4.680 0.4680 0.057 1.266 0.127 
300 0.453 10 1 0.238 5.266 0.5266 0.180 3.966 0.3966 0.021 0.466 0.047 
  
Table A-V. 4: Effect of catalyst dose at pH 4, 20 oC, 350 nm and 10 mg/L Cr(VI) with 100 
mg photocatalyst dose 
Time 
(min) 
 NS   NT   NST   TiO2  
 Abs Conc 
(mgL
-
1
) 
C/Co Abs Conc 
(mgL
-
1
) 
C/Co Abs Conc 
(mgL
-
1
) 
C/Co Abs Conc 
(mgL
-
1
) 
C/Co 
0 0.453 10 1 0.453 10 1 0.453 10 1 0.453 10 1 
5 0.453 10 1 0.451 9.945 0.9945 0.451 9.955 0.9955 0.450 9.938 0.9938 
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15 0.453 10 1 0.436 9.632 0.9632 0.430 9.503 0.9503 0.411 9.066 0.9066 
30 0.453 10 1 0.428 9.456 0.9456 0.419 9.245 0.9245 0.365 8.065 0.8365 
60 0.453 10 1 0.419 9.253 0.9253 0.402 8.876 0.8876 0.310 6.844 0.6844 
90 0.453 10 1 0.405 8.938 0.8938 0.379 8.367 0.8367 0.257 5.672 0.5672 
120 0.453 10 
 
1 
 
0.371 
 
8.178 
 
0.8178 0.323 7.123 
 
0.7123 0.183 4.034 0.4034 
 
150 0.453 10 1 0.355 7.834 0.7834 0.296 
 
6.544 0.6544 0.129 2.856 0.2856 
180 0.453 10 1 0.333 7.352 0.7452 0.274 6.056 0.6056 0.099 2.178 0.2178 
210 0.453 10 
 
1 
 
0.315 6.949 0.6949 0.228 5.039 0.5039 
 
0.075 
 
1.656 0.1656 
240 0.453 10 1 0.287 6.344 0.6344 0.213 4.705 0.4705 0.048 1.060 
 
0.1060 
270 0.453 10 1 0.251 5.542 0.5542 0.183 4.045 0.4045 0.011 0.259 0.259 
300 0.453 10 1 0.224 4.955 0.4955 0.149 3.289 0.3289    
 Table A-V. 5: Effect of catalyst dose at pH 4, 20 oC, 350 nm and 10 mg/L Cr(VI) with 150 
mg photocatalyst dose 
  NS   NT   NST   TiO2  
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Time 
(min) 
Abs Conc 
(mgL
-
1
) 
C/Co Abs Conc 
(mgL
-
1
) 
C/Co Abs Conc 
(mgL
-
1
) 
C/Co Abs Conc 
(mgL
-
1
) 
C/Co 
0 0.453 10 1 0.453 10 1 0.453 10 1 0.453 10 1 
5 0.453 10 1 0.450 9.944 0.9945 0.451 9.955 0.9955 0.450 9.938 0.9938 
15 0.453 10 1 0.436 9.632 0.9632 0.430 9.503 0.9503 0.411 9.070 0.9070 
30 0.453 10 1 0.425 9.380 0.9380 0.411 9.070 0.9070 0.343 7.571 0.7571 
60 0.453 10 1 0.410 9.056 0.9056 0.387 8.550 0.8550 0.278 6.135 0.6135 
90 0.453 10 1 0.395 8.722 0.8722 0.364 8.045 0.8045 0.239 5.283 0.5283 
120 0.453 10 
 
1 
 
0.361 
 
7.980 
 
0.7980 0.309 6.833 
 
0.6833 0.167 3.680 0.3680 
 
150 0.453 10 1 0.338 7.456 0.7456 0.283 
 
6.250 0.625 0.112 2.482 0.2482 
180 0.453 10 1 0.320 7.066 0.7066 0.257 5.680 0.568 0.090 1.980 0.1980 
210 0.453 10 
 
1 
 
0.291 6.423 0.6423 0.208 4.590 0.459 
 
0.053 
 
1.170 0.1170 
240 0.453 10 1 0.271 5.980 0.598 0.153 3.380 0.3380 0.016 0.367 
 
0.0367 
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270 0.453 10 1 0.228 5.036 0.5036 0.121 2.670 0.2670    
300 0.453 10 1 0.196 4.336 0.4336 0.071 1.559 0.1559    
Table A-V. 6: Effect of catalyst dose at pH 4, 20 
o
C, 350 nm and 10 mg/L Cr(VI) with 200 
mg photocatalyst dose 
  NS   NT   NST   TiO2  
Time 
(min) 
Abs Conc 
(mgL
-1
) 
C/Co Abs Conc 
(mgL
-
1
) 
C/Co Abs Conc 
(mgL
-
1
) 
C/Co Abs Conc 
(mgL
-
1
) 
C/Co 
0 0.453 10 1 0.453 10 1 0.453 10 1 0.453 10 1 
5 0.453 10 1 0.450 9.944 0.9945 0.451 9.955 0.9955 0.450 9.938 0.9938 
15 0.453 10 1 0.436 9.632 0.9632 0.430 9.503 0.9503 0.411 9.070 0.9070 
30 0.453 10 1 0.425 9.380 0.9380 0.411 9.070 0.9070 0.343 7.571 0.7571 
60 0.453 10 1 0.410 9.056 0.9056 0.387 8.550 0.8550 0.278 6.135 0.6135 
90 0.453 10 1 0.395 8.722 0.8722 0.364 8.045 0.8045 0.239 5.283 0.5283 
120 0.453 10 
 
1 
 
0.361 
 
7.980 
 
0.7980 0.309 6.833 
 
0.6833 0.167 3.680 0.3680 
 
150 0.453 10 1 0.338 7.456 0.7456 0.283 
 
6.250 0.625 0.112 2.482 0.2482 
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180 0.453 10 1 0.320 7.066 0.7066 0.257 5.680 0.568 0.090 1.980 0.1980 
210 0.453 10 
 
1 
 
0.291 6.423 0.6423 0.208 4.590 0.459 
 
0.053 
 
1.170 0.1170 
240 0.453 10 1 0.271 5.980 0.598 0.153 3.380 0.3380 0.016 0.367 
 
0.0367 
270 0.453 10 1 0.228 5.036 0.5036 0.121 2.670 0.2670    
300 0.453 10 1 0.196 4.336 0.4336 0.071 1.559 0.1559    
Key: 
NS: NiFe2O4- SiO2 
NT: NiFe2O4-TiO2 
NST: NiFe2O4-SiO2-TiO2 
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